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Executive Summary 
 
Toowoomba Regional Council (TRC) maintains a distribution network in the city of 
Toowoomba that provides drinking quality water to over 90,000 people. The quality 
of water throughout this network must be maintained to high standards according 
to TRC’s water guidelines. Adhering to these guidelines minimises the risk of 
harmful waterborne pathogens and microbial contamination within the water 
distribution network.  
Water quality monitoring is an everyday task of the TRC ground staff. Manual tests 
at set locations within each pressure zone are conducted on a regular basis to 
ensure that water quality is at an adequate standard. TRC have identified that the 
testing data obtained from these manual tests only give an indication of the 
chlorine residual levels at one location at one point in time. The only feasible 
method to analyse chlorine residual throughout an entire network is to construct a 
hydraulic model which enables chlorine residuals to be modelled at every point 
within the distribution system at all times of the day. 
The purpose of this study was to construct a hydraulic model that was able to 
identify low and high chlorine residual levels within the Platz pressure zone and the 
Trunk mains system based on the hydraulic behaviour of both areas. Options to 
rectify the problem areas that were identified were recommended to keep chlorine 
residual levels within the guidelines specified by TRC. 
“Pipes++”, developed by Watercom Pty. Ltd. (1990-2001), was the chosen hydraulic 
modelling software for this study. TRC’s Hydraulic Network Models for Platz 
pressure zone and the Trunk mains system were last updated in November 2000 
and April 2001 respectively. The models required revision to incorporate more 
recent changes within the distribution network. 
In attempt to calibrate the models, field data were extracted from SCADA data and 
pressure loggers within the Platz and Trunk main systems. The Platz model was 
accurate in simulating real time reservoir levels and exhibited an average model 
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error well below ±10% over all reservoir heights. The Trunk mains model was 
accurate regarding modelled reservoir height levels and booster pump running 
times when modelled against field SCADA data.  Chlorine calibration was achieved 
within the Platz model and was accurate to ±0.1 mg/L. The Trunk mains model was 
unable to be calibrated for residual chlorine due to the chlorinated bore water that 
is contributed to sections of the trunk mains system. 
An analysis of the existing water quality testing locations has been undertaken to 
identify the impact of the set water restrictions that are in place within the 
Toowoomba city during these times of drought conditions. Chlorine residual manual 
testing data results have been obtained from the time periods between 2000-2001 
and 2007-2008. The data has been compared by analysing the bore, reservoir and 
consumer tap results of these 2 time periods to find the impact of the present low 
demand of the city.  
Literature of the subject matter was extensively reviewed to determine how 
chlorine, as the most widely used disinfectant, functions within a distribution 
network. Technical studies concerning the parameters that affect chlorine decay 
and modelling and software were also analysed and reported on accordingly. 
Design runs for chlorine were undertaken to analyse both the Platz and Trunk 
systems. Average day demand scenarios were used with initial chlorine residual 
levels ranging from the minimum of 0.4 mg/L to the maximum allowable chlorine 
residual of 2.5 mg/L. In doing this, plausible scenarios were able to be modelled and 
analysed.  
The Platz pressure model was found to have areas of both permanent and 
temporary low chlorine residuals. A booster chlorination facility was modelled to 
rectify the problem areas. The Trunk mains model was found to have no chlorine 
residual issues throughout the network.  
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1.1 Introduction 
This chapter provides an insight to the project purpose, objectives, scope of project 
and the overview of the dissertation. 
1.2 Project Purpose 
The Toowoomba Regional Council (TRC) has identified the need for a hydraulic 
model that can simulate chlorine levels throughout the distribution network within 
the city of Toowoomba. Current manual water testing only determines chlorine 
residual levels for one location at one point in time. Information about the 
extremities of the distribution network is not provided by the current process. 
Modelling the distribution network enables chlorine levels to be determined 
throughout the entire system at any point in time.  
The aim of this project is to provide TRC with a hydraulic model that can simulate 
chlorine decay in the Platz pressure zone and Trunk mains systems within the 
distribution network of Toowoomba.  
Areas of high or low chlorine residual that are not within the specified water quality 
levels can be identified by analysing the model. Identifying these problem areas 
provides a basis for future work to be undertaken to remedy the areas of either 
high or low chlorine residual levels.  
There are currently 15 points of chlorine injection within the Toowoomba 
distribution system. The Mt Kynoch Treatment facility provides chlorinated surface 
water to the network from the most northern part of the system. The other 14 
chlorine injection points are situated at each of the groundwater bores that are 
distributed throughout the entire distribution system.  At each of these bores, 
chlorine is injected only when the bores are in operation.  
As the treated water travels throughout the distribution system, the chlorine levels 
within the water dissipate due to a process known as chlorine decay.  Parameters 
such as temperature, pH, pipe wall biofilm age and type all contribute to the 
chlorine decay within a distribution system. 
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Chlorine modelling has not been undertaken by TRC in the past, so it is essential 
that the ideas and methodologies developed by previous engineering studies are 
recognised and understood. This provides a foundation to develop the most 
suitable modelling methodology to develop the most effective models. 
An initial chlorine concentration can be used in the models at reservoirs and bores 
to show chlorine residual levels in various areas of the water reticulation system. In 
conjunction with the model, field tests were taken to determine the models 
accuracy.  
Toowoomba is currently under severe water restrictions due to the ever dwindling 
water supply. It is believed that these water restrictions are having a detrimental 
effect on the chlorine residual levels throughout the system. To find the effect of 
these water restrictions on the entire system, this project has compared the current 
water quality situation from archived data that has been collected from times that 
were free of water restrictions.  
1.3 Objectives 
The project will fulfil the tasks that have been identified in the project specification 
attached as Appendix A. These tasks provide a platform for the project and will all 
be crucial elements for determining the overall recommendation needed to remedy 
disinfection problems found within the distribution network. These objectives are: 
 Conduct a detailed literature review into chlorine decay in a reticulation 
system and identify the parameters that affect it. 
 Carry out an analysis of the existing chlorine residual data that has been 
gathered on the entire Toowoomba water distribution system. 
 Develop a calibrated model that can simulate chlorine decay in the Trunk 
mains and Platz pressure zone. 
 Investigate the supply and adequacy of chlorine residual within the system. 
 Recommend solutions for the areas that have inadequate disinfection. 
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1.4 Scope of Project 
The Infrastructure and Planning sector of TRC’s Strategic Services branch are 
responsible for the modelling of water and sewer reticulation within the 
Toowoomba region.  To align this project with ongoing work that is taking place 
within the Infrastructure and Planning sector, and the time available to complete 
the project, only the Trunk main system and Platz pressure zone have been 
modelled and calibrated. A selection of existing water quality data has also been 
used to examine the changes in water quality throughout the pipe network over an 
extended period of time. 
1.4.1 Trunk Mains System 
The trunk mains system has been chosen as it contains the main distribution to 
each of the reservoirs within the Toowoomba network. The chlorine residual levels 
are needed at each of the reservoirs as they contribute water to their respective 
zones. The reservoirs are part of the manual testing, so calibration with respect to 
the quality of water can be achieved.  
1.4.2 Platz Pressure Zone 
Due to Toowoomba’s undulating terrain, there are 10 pressure zones that service 
the population. Platz pressure zone is on the south-western boundary of the 
Toowoomba pipe distribution network and is the zone of choice for analysis in this 
project. The reasons for selection of Platz zone are as follows. 
 It is the furtherest zone from the first point of chlorination at the Mt Kynoch 
water treatment plant, giving a long detention time of water within the 
network. 
 There are only 2 field testing points that are used for water quality. 
 Chlorine residual levels in the outskirts of the zone are currently unknown. 
 There is opportunity for growth in the south-western area of the pressure 
zone. 
 Alderley Street bore is another source of water that feeds directly the 
reticulation system. 
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 Platz can be easily isolated from surrounding pressure zones giving a true 
indication of the chlorine residual within the zone. 
1.4.3 Selection of water quality data 
Each day the TRC water officers from Mt Kynoch treatment plant enter collected 
water quality data into the database. For the case of analysing existing water quality 
data, archived material as far back as the year 2000 has been accessed and 
manipulated. This project analyses the residual chlorine levels throughout the 
distribution system so a selection of water quality data must be made.  
Toowoomba is currently under severe water restrictions, which are assumed to be 
having a detrimental effect on the residual chlorine levels within the system. To 
make a comparison of water quality, data has been used from 2000-2001 when 
there were no water restrictions in place and the 2007-2008 seasons where Level 5 
restrictions are limiting the use of water throughout the community. 
1.5 Overview of Dissertation 
This dissertation will have the following organisational structure: 
 
Chapter 2 gives a background into Toowoomba’s water supply and disinfection 
practices. 
Chapter 3 reviews literature of previously published material concerning chlorine 
decay, modelling and software. 
Chapter 4 analyses the existing water quality data that has been provided by TRC. 
 Chapter 5 discusses the technical workings of the Pipes++ program. 
Chapter 6 describes how the demand and calibration was calculated for both the 
Platz and Trunk main models. 
Chapter 7 analyses the Platz zone and Trunk Mains models using the Pipes++ 
program and identifies areas of inadequate disinfection. 
Chapter 8 concludes the results and outcomes of this project and outlines further 
work that needs to be completed.  
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2.1 Introduction 
This chapter provides some background information on Toowoomba city’s 
catchment and distribution areas, water treatment practices, the current water 
situation including a description of the water restrictions that have been in place for 
the past 8 years. This chapter will provide an insight into the operation of 
Toowoomba’s water distribution system, and will set the scene for later chapters. 
2.2 Toowoomba 
Toowoomba is situated on the inland side of the Great Dividing Range in South 
Eastern Queensland. With a population in excess of 90,000 people, it is Australia’s 
largest inland regional city.  Due to its proximity, Toowoomba is the commercial and 
economic hub of the greater Darling Downs area.  
The city’s governing body is the Toowoomba Regional Council. TRC is a newly 
formed body that govern the greater part of the Darling Downs. It is the job of the 
TRC to manage and monitor the water quality of Toowoomba and the surrounding 
towns within this new ‘Super Shire’. 
Toowoomba’s climate has a wide variance in conditions. During the winter months, 
sub zero temperatures have been recorded. On the other end of the scale, the 
summer period has been known to produce temperatures close enough to 400C. 
This large variance in temperature requires strict monitoring of chlorine residual 
levels particularly in the summer months when decay is high (Toowoomba City 
Council, 2003).  
2.3 Raw Water Sources 
Toowoomba has two raw water sources that contribute to the total water supply, 
these being 3 surface water dams north of the city and over 20 bores situated 
within the city itself. The 3 dams supply water to the Mt Kynoch Water Treatment 
Facility (WTF) where it is treated. There are currently 14 of the bores contributing 
water to the distribution system at various points around the city. The others are 
either being constructed or fitted with equipment for use in the future. 
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2.3.1 Dams 
The main raw water source in Toowoomba are the 3 dams comprised of Cooby, 
Perseverance and Cressbrook dam, which are situated about 14, 30 and 40 km 
respectively to the north of the city (Figure 2-1).  
The elevation of Toowoomba is approximately 450m above the surface water level 
of the dams and requires significant pumping from 5 pumping stations to reach the 
Mt Kynoch WTF. To ensure maximum savings on running costs, the pumping 
stations utilize the off peak electric power section, and only run during 9pm and 
7am on weekdays and 9pm Friday to 7am Monday. The total catchment area of the 
3 dams is 497.2 km2, with a combined storage capacity of 126 743 ML (Toowoomba 
City Council, 1992). The surrounding towns of Crows Nest, Hampton, Highfields and 
Oakey are all supplied with water from the 3 dams. 
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Figure 2-1 -Raw Surface Water Storage (TCC, 2004)
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2.3.2 Ground Water 
In addition to the three dams, the Toowoomba water supply is supplemented with 
groundwater provided by the 14 bore stations currently in use. Historically bores 
have contributed approximately 10 – 15% of the total water supply required by the 
Toowoomba Regional Council Water Supply System; however, in recent times the 
average bore contribution is as high as 26.0% of the total supply. Water extracted 
from the bores is softened (where necessary) and chlorinated, before being directly 
injected into the reticulation system. These bores are currently supplying 2103 
ML/annum to the system. Table 2-1 has the production figures for the past 6 years 
(TRC 2008). 
Table 2-1 - Treated Water Production for Toowoomba (TRC, 2008) 
 
Financial Year 
2002/03 2003/04 2004/05 2005/06 2006/07 2007/08 
Mt Kynoch WTF (ML) 12520 12316 12517 9461 6974 6388 
City Bores (ML) 2022 1753 1602 1853 2451 2103 
Total Water (ML) 14542 14069 14173 11314 9430 8491 
Mt Kynoch % 86.1 87.5 88.7 83.6 74.0 75.2 
City Bore % 13.9 12.5 11.3 16.4 26.0 24.8 
 
Each of the 14 bores currently in use are chlorinated using either chlorine gas 
(Figure 2-2) or a sodium hypochlorite solution (Figure 2-3). The chlorination 
equipment only functions when the bores are in operation. During bore operation, 
chlorine is injected into the system immediately after the water has left the bore. 
The chlorine mixes within the water as it moves through the distribution system. 
 
 
 
 
 
 
Figure 2-2 - Chlorine gas injection at bores Figure 2-3 Sodium hypochlorite solution injection at bores 
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2.4 Pipe Network and Pressure Zones 
The Toowoomba distribution network consist of over 700 km’s of underground 
water main that convey high quality treated water through trunk mains to 20 
reservoirs. From the reservoirs, 11 pressure zones are fed through smaller water 
mains which distribute treated water to residential and industrial areas throughout 
Toowoomba. TRC also provide the township of Oakey with treated water.  
Figure 2-4 defines the boundaries of the 11 pressure zones within the distribution 
system. Kynoch and Gabbinbar zones are both very large in size, causing chlorine 
residual levels to fluctuate widely. The Platz North and South zones are the 
furtherest zones from the WTF, thus being the reason why they have been selected 
for analysis. 
Figure 2-5 outlines the placement of reservoirs and production bores within each 
pressure zone. Most bores pump water straight into the reticulation system, and do 
provide an inflow into reservoirs coming from within the pressure zone, rather than 
from the trunk main system. 
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Figure 2-4 - Pipe network and pressure zones of Toowoomba's distribution system 
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Figure 2-5 - Reservoirs, bores and pump locations 
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2.5 Water Treatment Facility 
TRC operate a conventional treatment plant at Mt Kynoch (shown in Figure 2-4 
above). The Mt Kynoch Water Treatment Facility (WTF) is capable of producing 68 
ML of treated water a day. Mt Kynoch receives all of its water from Cooby, 
Perseverance and Cressbrook dams. The conventional purification process follows 
the following procedure.  
1. Inlet Tank 
Polyaluminium Chloride – PACl (cationic) is used as the main coagulant agent 
within the inlet tank. A flash mixer is used to improve the mixing process. 
The cationic coagulant affects the charge on the surface of the microscopic 
particles that are suspended in the water. Flocs are then produced and are 
removed later in subsequent processes within the plant.   
2. Flocculator Tanks 
After the addition of the coagulant aids, the suspended material within the 
water aggregate into clumps known as flocs. The water is fed into 5 
flocculator tanks where it is slowly mixed to ensure that each floc takes up 
as much suspended material as possible. 
3. Settling Tanks 
Once the floc has been formed in the flocculation tanks, the water is fed into 
the settling tanks. The primary goal of the settling tanks is to remove as 
much floc as possible before the water enters the filters. To aid this process, 
the water is passed upwards through a latticework of sloped tubes. This 
gives the flocs more chance to settle on the sides of the tubes and then be 
collected as sludge from the bottom of the tank.  
4. Filter Tanks 
After the majority of the floc has been removed, the water passes through 8 
filters composed of a layer of coarse filter coal, placed on a layer of fine sand 
and gravel. Chlorine is added to the water before filtration to oxidise any 
metals in the water so that the filters can remove them. 
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5. Post- Filtration Treatment 
The pH of the water is slightly reduced to 7.5 by the addition of lime in the 
clear water tanks. Once filtered, the water is disinfected with chlorine gas to 
deactivate any microorganisms. Contact time for the chlorine disinfection 
process is provided by the clear water storage tanks and in 3 on site 
reservoirs. 
Figure 2-6 shows a diagram of TRC’s treatment processes. 
 
Figure 2-6 – Diagram of Toowoomba’s water treatment process (TCC, 2005) 
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The Mt Kynoch WTF is in the planning stage of being upgraded from its existing 
68ML/d to an 85ML/d plant. Due to the existing water supply conditions this 
expansion is not necessary, but for the future expected population growth in 
Toowoomba, it will be paramount. 
2.6 Water Quality Guidelines 
Toowoomba Regional Council is committed to producing water that consistently 
exceeds the safety and quality guidelines recommended by the National Health and 
Medical Research Council’s (NHMRC) Australian Drinking Water Guidelines 2004 
(ADWG).  As part of Toowoomba City Council’s ongoing commitment to public 
health and safety, the Centre for Food Technology, a Queensland Government 
Department of Primary Industries Section, was commissioned to assist in the 
development of HACCP (Hazard Analysis Critical Control Point) management plans. 
To fulfil this commitment, Toowoomba Regional Council uses various 
complementary management systems including Hazard Analysis and Critical Control 
Point (HACCP), Quality Assurance, Integrated Environmental Management and a 
total commitment to Workplace Health and Safety (TRC, 2007). The HACCP process 
is a systematic method that identifies specific hazards and provides for risk 
management measures at appropriate levels to ensure public health and quality of 
products. HACCP focuses on prevention rather than relying on end product testing. 
TRC has chosen to incorporate Codex Alimentarius HACCP into the process control 
element of its Integrated Management System, to ensure an even stronger focus on 
public health and safety issues in the operation of its water storages, production, 
treatment and distribution processes. The Codex Alimentarius guidelines have been 
implemented extensively throughout the world to meet the requirements of the 
Product Realization element in ISO 9001:2000 based Quality Assurance system, 
specifically designed for the Food Processing Industry (Toowoomba Regional 
Council, 2007). Table 2-2 presents a list of TRC’s more frequently tested water 
quality parameters from the purification plant and the distribution system. The 
table provides the TRC values and national ADWG (2004) standards. 
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Table 2-2 – Water quality parameters tested by TRC compared with ADWG guidelines. 
Guideline Parameter 
Toowoomba Regional 
Council Guidelines 
Australian Drinking 
Water Guidelines 
pH 6.5 – 8.5 6.5 to 8.5 
Turbidity (NTU) <0.5 < 5 
Colour (Hazen Units) <15 < 15 
Aluminium (mg/L) <0.20 < 0.20 
Manganese (mg/L) <0.05 < 0.10 
Iron (mg/L) <0.30 <0.30 
Total Coliforms (cfu/100mL) <1 < 1 
Faecal Coliforms (cfu/100mL) <1 < 1 
Total Plate Count (cfu/mL) <100 - 
Taste and Odour 
Acceptable (number of 
complaints) 
Not 
Objectionable 
Chlorine 
(mg/L) 
Free 
Chlorine 
Reservoir 0.4 – 2.5 
< 5.0 mg/L 
Consumer Tap 0.1 – 2.0 
Hardness CaCO3 (mg/L) 
<350 
(Until Cooby Dam returns 
to 300 mg/L for 
reinstatement of 365 mg/l) 
< 200 mg/L 
 
Total Dissolved Solids (mg/L) <500 < 500 
Trihalomethanes (mg/L) <0.25 < 0.25 
 
2.7 Water Restrictions 
Toowoomba is currently battling very low water levels in all 3 of the surface water 
dams. With a combined volume of less than 10%, severe water restrictions are in 
place to savour the already dwindling resource. The use of bores within the city can 
only be a supplement to the total treated water supply. They cannot be relied upon 
for total water supply due to the restrictions that each bore has concerning aquifer 
recharge. To make the water supply last as long as possible sustainably, TRC have 
introduced water restrictions to all users of the Toowoomba treated water. 
Water restrictions of different levels have been in place in Toowoomba for some 
time now, and are now a part of everyday life for residents. Being water-wise is 
essential for all residents, due to the severity of the situation at the present time. 
The last set of water restrictions were introduced in November 2000. TRC have 
adopted water restrictions based on total dam capacity and have a level system that 
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remind users of what they can and can’t use water for. Table 2-3 shows the level of 
water restriction enforced in regards to the total capacity of the 3 dams. 
Table 2-3 - Water Restriction Limits (TRC, 2007) 
Level Dam Capacity 
Useable storage to 
lift restrictions 
Domestic 
Consumption 
Targets (L/p/d) 
1 >80% - 280 
2 80-50% 90% 240 
3 50-30% 60% 210 
4 30-20% 40% 190 
5 <20% 30% 150 
 
Toowoomba has been on Level 5 water restrictions since they were introduced on 
the 26th of September 2006. Residents are becoming more water wise as the 
average daily consumption per capita is at 130L. This reduction in water usage by 
residents also has an effect on chlorine consumption within the water distribution 
network. With an increased detention time within the system, the difference 
between high and low level residual chlorine is at a maximum. This will be discussed 
in Chapter 4.  
2.8 Chapter Summary 
This chapter has provided an insight to the workings of TRC’s water distribution 
system. It has given a background into where Toowoomba’s water is sourced how 
the surface and ground water are treated and the quality guidelines that are 
followed.  
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3.1 Introduction 
This chapter provides some background information into previous work that has 
been undertaken by engineers and scientist around the world on the use of chlorine 
as a disinfectant, chlorine bulk and wall decay, parameters that affect decay and 
software and modelling process that have been used in the past. Literature has 
been analysed with the most relevant material being compiled in the following 
pages. This chapter also includes most aspects of water treatment using chlorine 
and the associated by products that are formed from chlorination.  
3.2 Water Treatment and Disinfection 
The objective of water treatment is to supply residents and industries with a 
continuous flow of treated water that is bacteriologically and chemically safe, 
aesthetically pleasing and reasonable in cost. Providing an odourless, colourless, 
non corrosive, soft water that has a low organic content creates a state of well 
being within the community. This study mainly focuses on the disinfection phase of 
the water treatment which is only one part of the entire process of producing 
quality water. 
Disinfection is the last treatment applied to water before it is released to the public 
for consumption and is mandatory in all distribution systems. It should be noted 
that the use of disinfection is not to produce sterile water, but to reduce the 
potential for an outbreak of infection. There is always a degree of risk associated 
with large-scale reticulation systems. Risk is created from factors that cannot be 
controlled such as network contamination via intrusions through fittings, leaks and 
pipe bursts and from by-products produced from the reaction of water constituents 
with network infrastructure (Chamberlain, 2007). To minimise these risks within the 
water reticulation system, common disinfection constituents such as chlorine and 
chloramines can be utilised as disinfection agents as they produce chlorine residual 
which is capable of staying within the system for some period of time. 
Disinfection is a process designed for the deliberate reduction or inactivation of 
pathogenic microorganisms (AWWA, 1999). Water treatment processes such as 
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coagulation, flocculation, sedimentation and filtration do reduce the amount of 
pathogens within the water supply but this is not their primary goal. The sole 
purpose of a disinfectant is to reduce the amount of pathogens within the water 
supply. The properties required for a disinfectant were proposed by Davis and 
Cornwell, (2006). 
 They must destroy the kinds of numbers of pathogens that may be 
introduced into water within a practicable period of time over an expected 
range in water temperature 
 They must meet possible fluctuations in composition, concentration and 
condition of the waters or wastewaters to be treated 
 They must be neither toxic to humans and domestic animals nor unpalatable 
or otherwise objectionable in required concentrations 
 They must be dispensable at reasonable cost and safer and easy to store, 
transport handle and apply 
 Their strength or concentration in the treated water must be determined 
easily, quickly and (preferably) automatically 
 They must persist within disinfected water in a sufficient concentration to 
provide reasonable residual protection against its possible contamination 
before use or the disappearance of residuals must be a warning that 
recontamination may have taken place. 
Chlorine, ultraviolet light and ozone all have the ability to control pathogens, but it 
is chlorine and chloramine’s residual properties that make it the most useful 
disinfection agent around the world today. 
3.3 Chlorine as a disinfectant 
Chlorine (Cl2) is the most widely used disinfectant in water and wastewater 
treatment. Chlorine gas was first invented by Scheele in 1774, but was not regarded 
as a chemical element until 1808 (AWWA, 1999). It is a greenish-yellow gas used to 
destroy pathogens, control nuisance microorganisms and for oxidation 
(Cheremisinoff et al. 1981). As a liquid, chlorine is amber coloured and 1.44 times 
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heavier then water. It is a highly toxic substance capable of death or permanent 
injury due to prolonged exposure from inhalation. 
Chlorine has a distinct odour that is detectable at a concentration of only 3.55 ppm. 
Because it has an ability to produce odours which consumers find easy to recognise, 
the levels of chlorine and particularly the variability of these levels, is one of the 
most frequent causes of customer complaint (Hua et al. 1999). Irritation of the 
throat starts at 15 ppm and a concentration of 50 ppm is considered dangerous for 
even short exposure. Great care must be taken by all when working with chlorine. 
All precautionary measures must be taken to reduce the chance of inhalation.  
Features that contribute to chlorine’s wide use are: 
 Effectively inactivates a wide range of waterborne pathogens 
 Maintains a residual level in the water that can be monitored and controlled 
 Lowest relative cost 
 Successful long term use in improving water treatment operations 
In addition to the disinfection properties of chlorine, it is also used as an oxidant for: 
 Prevention of algal growths 
 Maintenance of clean filter media 
 Removal of iron and manganese 
 Destruction of hydrogen sulphide 
 Bleaching of certain organic colours 
 Control of biological growth in the distribution system 
 Restoration and preservation of pipeline capacity 
 Restoration of well capacity 
 Improved coagulation by activated silica 
(HDR Engineering Inc, 2001) 
In water, chlorine hydrolyses to form hydrochloric acid (HCl) and hypochlorous acid 
(HOCl), as shown by equation 3.1 (Cherimisinoff et al. 1981). 
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    Chlorine           Water             Hydrochloric Acid     Hypochlorous Acid   
Cl2    +  H20           HCl       +        HOCl  (Eqn. 3.1) 
The hypochlorous acid undergoes further ionization to form hypochlorite ions (OCl-): 
HOCl            H+  +  OCl- (chlorite)  (Eqn. 3.2) 
Equilibrium concentrations of HOCl and OCl- depend on the pH of the water being 
treated. Increasing the pH to above 4 shifts the above equilibrium equation 3.2 
dramatically to the right. This causes the formation of higher concentrations of OCl-. 
The hypochlorous acid formed is a weak acid and is very poorly dissociated at pH 
levels below 6 (Sawyer et al, 1994). Figure 3-1 demonstrates how the pH of the 
water being treated affects the formation of either HOCl or OCl-. It is common 
practice to call the hypochlorous acid and hypochlorite ion as free chlorine residuals. 
Research has shown that with free chlorine residuals, the pH is lowered favouring 
the formation of HOCl. This scenario is more effective for disinfection compared to 
a greater concentration of OCl-. HOCl is a very strong disinfectant, about 80 – 200 
times as strong as OCl-  (Droste, 2001).    
 
Figure 3-1 – Effect of pH on the distribution of hypochlorous acid and hypochlorite ion in water (Sawyer, 1994)     
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Similarly to the addition of chlorine gas as a disinfectant, sodium hypochlorite 
solution can be used. Toowoomba Regional council use sodium hypochlorite 
solution to treat water at various bores around the city. The water is pumped from 
beneath the ground, treated with sodium hypochlorite solution and then pumped 
directly into the reticulation system. Sodium hypochlorite solution readily 
dissociates with water to produce hypochlorous acid as per equation 3.3. The use of 
sodium hypochlorite solution increases the pH of water, as opposed to chlorine 
addition which decreases the pH. 
Sodium Hypochlorite    Water     Hypochlorous Acid    Sodium     Hydroxyl ion 
     NaOCl     +        H2O
                                 HOCl    +         Na+   +        OH-        (Eqn. 3.3) 
Chlorine and hypochlorous acid react with a wide variety of substances including 
ammonia and naturally occurring humic materials (McCarty et al., 1994). The rate of 
reaction between these substances varies considerably depending on the 
concentration of chlorine, amount of ammonia and pH level. Monochloramine (Eqn. 
3.4), dichloramine (Eqn. 3.5), and trichloramine (Eqn. 3.6), are produced from the 
reaction of hypochlorous acid and ammonia. Chloramines as known as combined 
chlorine residual. These chloramines also retain disinfecting potential, but their 
strength is significantly less than that of the HOCl or OCl-. Chloramines are long 
lasting in the water and provide a degree of residual protection (Droste, 2001). 
Monochloramine: 
Hypochlorous Acid Ammonia  Monochloramine  Water 
     HOCl           +        NH3          NH2Cl       +   H20           (Eqn. 3.4) 
Dichloramine: 
Monochloramine Hypochlorous Acid Dichloramine  Water 
    NH2Cl         +           HOCl                  NHCl2         +        H20        (Eqn. 3.5) 
Trichloramine: 
Dichloramine        Hypochlorous Acid      Trichloramine      Water 
    NH2Cl        +    2HOCl            NCl3   +      2H20       (Eqn. 3.6) 
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As a result of ammonia and other impurities in water, there is a chlorine demand 
present. The chlorine demand is assessed by adding known amounts of chlorine to 
water and measuring the residual chlorine concentrations after a specified contact 
time (Droste, 2001). A typical chlorine demand curve is shown in Figure 3.2. 
  
Figure 3-2 - Chlorine demand curve (Sawyer, 1994) 
The chlorine demand shape results from the reactions of chlorine with natural 
organic matter (NOM) and ammonia. The curve changes its direction as the contact 
times at which the residuals are measured differ. The first amount of chlorine is 
consumed by the inorganic reducing substances that convert the chlorine into 
chloride, which has no residual oxidising power (Droste, 2001). Excess chlorine is 
converted in the chloramines as per Equations 3.4 – 3.6. The dominant chloramine 
formed depends on the molar ratio of chlorine added to the amount of ammonia 
nitrogen present. When the molar ratio is less than 5:1, monochloramine is 
dominant. As the ratio of chlorine to ammonia increases, dichloramine is formed 
until 10:1, when there are about equal amounts of monochloramine and 
dichloramine (Aravinthan & Yoong, 2008). As the ratio is further increased to 20:1, 
trichloramine is formed.  
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The reactions after the hump in the curve are not well understood. At doses below 
the hump in the chlorine residual curve, only combined chlorine is detectable. At 
doses between the hump and the dip in the curve, an oxidative destruction of 
combined residual chlorine accompanied by the loss of nitrogen occurs. After the 
ammonia nitrogen has been completely oxidised, the residual remaining consists 
almost exclusively of free chlorine. The minimum point in the curve is called the 
breakpoint and denotes the amount of chlorine that must be added to water to 
achieve a stable free residual. It must be noted that breakpoint curves are unique 
for different water samples. The chlorine demand of water is a function of the 
concentration of ammonia, presence of other reducing agents, pH and the contact 
time between chlorine application and residual testing. 
3.4 Disinfection By-Products 
Using chlorine in as the primary disinfectant in water supplies reduces the risk of 
waterborne diseases forming, but also creates new potential risks such as the 
formation of disinfection by-products (DBPs). In the last 35 years, hundreds of 
compounds produced by drinking water disinfection have been identified. Most of 
these are only present in trace quantities. Some common disinfection by-products 
associated with chlorine include oxychlorides, oxybromines, trihalomethanes 
(THMs), haloalkanes, halopropanones, haloacetonitriles, halohydrines, haloacides, 
halodiacides, haloketones, haloaldehydes, halophenols, haloacetic acids (HAAs), 
halonitromethanes, halothiaophenes, chloroprocrin, chloral hydrate and 
chlorinated PAHs, just to mention a few (Chamberlain, 2007).  
The reason for DBP’s being a risk in water reticulation systems, is because some of 
the by-products, such as chloroform and dichloroacetic acid, are known to be 
potential human carcinogens. Epidemiological studies have been conducted to 
evaluate the association from exposure to chlorinated surface water with several 
adverse outcomes: cancer cardiovascular disease, and adverse reproductive 
outcomes, including neural birth defects (AWWA, 1999).  
DBP’s are formed from the reactions between disinfectants, particularly chlorine 
and natural organic material (NOM), such as humic and fulvic acids, which are the 
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result of the decay of vegetable and animal matter. The main by-products are the 
trihalomethanes, (THMs) and chlorinated acetic acids. Chloramines are also capable 
of producing THM’s but at such low levels that the process is usually considered to 
be a non-THM-forming process (Kawamura, 2000). 
THM’s are usually found in the highest concentrations and are the greatest risk to 
consumers. THM’s are methane (CH4) molecules in which three of the hydrogen 
atoms have been replaced by some combination of chlorine and bromine atoms 
(AWWA, 1999). Total trihalomethanes (TTHM’s) are the combination of 
trichloromethane (chloroform), bromodichloromethane, dibromochloromethane 
and tribromomethane (bromoform). Many other by-products can be produced, but 
concentrations are generally very low (usually < 0.01 mg/L and often < 0.001 mg/L). 
Brominated trihalomethanes are also produced industrially, but less commonly than 
chloroform (ADWG, 2004).  
Some of the factors that affect the formation of disinfection by-products include: 
  the amount of natural organic matter present 
If there is no organic precursor in the water, there will be no THM formation. 
The concentration and type of precursors have direct influence on THM 
formation. 
  the disinfectant used 
As stated previously, chlorine has more effect on THM formation than for 
example chloramines. 
 the disinfectant dose 
The disinfectant dose affects THM formation. The amount of chlorine 
residual in the system has a direct impact on formation. 
 pH 
The higher the pH, the faster the reaction rate will be which leads to higher 
THM levels. This phenomenon is believed to be due to pH-induced changes 
in the functional groups of the precursor molecules (Kawamura, 2000). 
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 Temperature 
Water temperature greatly affects the rate of THM formation. The higher 
water temperature induces a faster reaction rate which in turn leads to a 
higher formation. 
 The time available for reaction (C.t or contact time). 
The THM level is a function of chlorine contact time. The longer the contact 
time, the higher the level of THM concentration (Kawamura, 2000). 
Figure 3-3 demonstrates the relationship between Total THM’s and chlorine 
residual. From the graph, as chlorine residual decreases due to the reactions with 
previously defined factors, TTHM concentration increases. 
Figure 3-3 TTHM’s and chlorine residual versus time (Clark & Sivaganesan, 1998) 
Action to reduce the concentration of disinfection by-products is encouraged, but 
disinfection itself must not be compromised. The risk posed by disinfection by-
products is considerably smaller than the risk posed by the presence of pathogenic 
microorganisms in water that has not been disinfected. 
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3.5 Parameters that effect Chlorine Decay 
Maintaining chlorine residual levels within a water distribution network is one of 
the main priorities involved in supplying the public with quality, bacteria free water 
that is suitable for consumption. Calculating the decay of chlorine throughout the 
whole distribution network is a problem that all water quality departments have. 
There are certain parameters within all water supply networks that effect chlorine 
decay. It is widely accepted that chlorine in distribution systems will decay due to 
reactions with compounds contained within the bulk water or due to reactions at 
the pipe wall (Powell et al. 2000), see Figure 3-4. Chlorine consumption has been 
classified as occurring in two phases. The first phase occurs during the first 1–2 or 
4h and corresponds to reactions of the chlorine with easily oxidisable compounds. 
This is normally completed in the reservoir of the treatment plant. The second 
phase, or long term chlorine consumption, is slower than the first phase and occurs 
in the distribution system (Al-Jasser, 2007).  
 
Figure 3-4 Bulk decay and Pipe wall decay (Sawyer, 1994) 
3.5.1 Bulk Decay of Chlorine 
A study undertaken by Hua et al, (1999) quantified the bulk decay coefficient of 
chlorine in water distribution systems. Chlorine decay experiments were carried out 
on source water under controlled conditions in the laboratory. In order to find the 
effect that temperature has on bulk decay, experiments were carried out at 
different temperatures.  
Two testing sites were used in the experiment, one from the final testing point at 
the Frankley Water Treatment Works (WTW), and the other at the University of 
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Birmingham which is served by Frankley WTW. With samples from each site, 
temperatures at 6, 9, 12, 15, 18 and 200C were trialled. Two trials were carried out 
at each temperature. One used the water as sampled from the tap without re-
chlorination (referred to as ambient case) and in the other the water was 
rechlorinated with sodium hypochlorite to an initial concentration of about 0.5 
mg/L. 
The free chlorine concentrations were measured on duplicate sub-samples (10 ml) 
by adding the N,N-diethyl-p-phenylenediamine (DPD) tablets. The colour which 
developed was measured in Hach pocket colorimeters. The accuracy of the 
colorimeters were checked regularly against the standards produced by the 
manufacture. They were found to be within ±0.02 mg/l. 
Figure 3-5 shows the free chlorine decay profiles of the tap water measured at 120C. 
According to Hua et al, (1999), this was typical of all the temperatures investigated. 
These profiles confirm that for most of the time, the chlorine decay can fairly be 
represented by the following first-order decay equation: 
0 exp( )tC C kt      (Eqn. 3.7) 
Where: Ct=Chlorine concentration 
C0=Initial concentration 
k=decay coefficient 
t=time (hrs) 
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Figure 3-5 Typical decay profiles for tap water at 12
0
C (Hua et al, 1999) 
Decay constants were calculated from each trial using the least squares regression 
method to fit experimental data with the regression line. The calculated decay 
constants are given in Table 3-1.  
Table 3-1 Chlorine decay constants of tap water at different temperatures (Hua et al, 1999) 
 
From the data in Table 3-1, the chlorine decay is more rapid in the ambient water 
than in the rechlorinated water. The decay constant in the former case was found 
to be about 3-10 times greater than that found in the re-chlorination case. The 
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general trend is that the higher the temperature, the higher the decay constant 
(Hua et al, 1999). 
A study undertaken by Hallam et al, (2003) also quantified the bulk decay 
coefficient of chlorine in water distribution systems. Melbourne Water Treatment 
Works (WTW), were constructing a mathematical model that could determine 
residual chlorine concentrations within their water distribution network. The 
coefficient needs to be determined with respect to independent variables if models 
are to maintain their predictive capability as seasonal and water treatment 
operational changes occur (Hallam et al, 2003). Melbourne WTW reported 
experiments to determine the functional dependency of the bulk-free, chlorine 
decay rate coefficient on total organic carbon (TOC) concentration, initial chlorine 
concentration, temperature and the number of rechlorinations.  
Over a two and a half year period, 148 tests were conducted at the Melbourne 
WTW using different types of water, recognising that the organic matrix in the 
water would be changed by the treatment received. Melbourne WTW uses 
dissolved air flotation, rapid gravity sand filtration and granular activated carbon 
(GAC) prior to disinfection. Samples for the studies on the effect of initial chlorine 
concentration and TOC concentration were taken from the raw water. Samples for 
the study on the effect of temperature were taken from the GAC-treated water, 
(the closest chlorine-free sample point to the final water). The samples were taken 
to the laboratory, dosed with hypochlorite to give a chlorine concentration of 
approximately 0.5 mg/L. The samples were also incubated at a range of 
temperatures and the TOC concentration of the samples was measured. 
The bulk decay coefficient (kb) was measured by how much the initial chlorine 
concentration affected it.  Temperature and TOC were stable for the length of each 
test (TOC 4.5 ± 0.2 mg/L, temp 16 ± 20C). The range of initial chlorine concentrations 
(Co) was 0.22–2.06 mg/L. The relationship found for the Melbourne water had an R2 
value of 0.67, which was significant at the 99% level. 
Bulk decay and initial chlorine concentration involve the NOM in potable water 
consisting of compounds with a range of fast and slow reactions with chlorine. If the 
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water is dosed with a low initial chlorine concentration, it may be expected to react 
predominantly with the easily reactable compounds, and decay will be rapid before 
the concentration declines to zero. If, however, a high initial chlorine concentration 
is used, then reactions will take place with both fast and slower reactable 
compounds, and the resulting overall decay will be slower (Hallam et al, 2003).  
The effect of temperature on bulk decay has been studied by Powell et al, (2000). 
Hallam et al, (2003) also conducted a study on the temperature effects on bulk 
chlorine decay. The Arrhenius equation, (equation 3.8) has been used to describe 
the way in which temperature changes affect the chemical reactions causing 
chlorine decay (Powell et al. 2000). 
exp
( 273)
b
E
k F
R T
 
  
 
  (Eqn. 3.8)  
Where 
 F = Frequency factor 
 E =activation energy 
 R= Ideal gas constant (8.31 J/mol0C) 
Seven experiments on Melbourne GAC water were conducted to examine the 
relationship between temperature and bulk chlorine decay. Analysis of the full data 
set gave values of E/R=6,616°C and F=3x109. Application of the Arrhenius equation 
to the full data set was considered reasonable due to the small variation in TOC 
over all sample dates (3.2–3.8 mg/L). Figure 3-6 represents the results obtained 
from the experiment. There is a significant difference between the summer and 
winter months which may be due to the change in composition of the organic 
content in source water or varying efficiency of the treatment processes with the 
season because of the difference in water temperature.  
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Figure 3-6 Impact of temperature on chlorine decay (Hallam et al, 2003) 
From the study concerning TOC concentration and bulk decay, Hallam et al, (2003) 
found that with a TOC concentration of <1.31 mg/L chlorine decay is minimal. At the 
lower TOC values, it may be expected that the slower reacting organic compounds 
will have a greater influence thus, relatively lower kb values will occur than for 
higher TOC concentrations. 
3.5.2 Pipe Wall Demand 
Bulk decay is only the first process of chlorine decay. The pipe wall has a chlorine 
demand and a direct influence on chlorine residual levels. It is not only the pipe wall 
that has an effect on chlorine residual, but any biofilm that is attached to the inner 
surface of the pipe has a negative outcome to the free chlorine. This temporal and 
spatial consumption of chlorine is caused by chemical reactions of the chlorine with 
water constituents and with both the biofilm and tubercles formed on the pipe wall, 
as well as reaction with the pipe wall material itself (Al Jasser, 2007).  
Deposits, corrosion by-products, microorganisms, organic impurities, ammonia 
compounds, and unremoved metallic compounds, such as iron (ferrous ions) and 
manganese, are among the constituents of water that react with chlorine and lead 
to its disappearance (Al Jasser, 2007). All of these constituents lead to pipe wall 
demand as a loss of chlorine in the system resulting in low residual.  
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Different pipe materials have different effects on chlorine demand. Al Jasser, (2007) 
directed a study on the age of the pipe.  More than 350 pipe sections were collected 
for the study with a total of 302 being suitable. The pipe sections were new, 
recently installed or old pipes of different ages and material from an actual system. 
The use of different pipe materials and age were to determine the influence that 
the service age of pipes of different materials and sizes had on the system. Findings 
from the study were that chlorine decay at the pipe wall surface is a function of 
both the mass transport of chlorine from the bulk liquid to the pipe wall surface, 
and the chemical reaction at, or with the pipe wall surface. Al Jasser, (2007) found 
that the effective wall decay constant (kw), was also shown to be effected by pipe 
size. The laboratory effective chlorine wall decay constants of the 302 pipe sections 
ranged from 0.11 to 112 day-1. Such a wide range of values was due to the 
variability in the pipe material, age, and size. According to the results, the wide 
variation found in the values of the chlorine wall decay constants proves that a 
single decay coefficient for all the pipes forming the distribution system, may not 
adequately predict residual chlorine at any point in the network (Al Jasser, 2007).  
For all pipe materials, the pipe service age was found to impact the wall decay 
constant, which indicates the condition of the internal surface material of the pipe 
changed with service time. Cast iron, steel, concrete lined ductile iron and concrete 
lined cast iron were affected the most by pipe service age. With age, a biofilm layer 
may develop on the internal surface of the pipe. This layer may either create a 
chlorine demand or it may protect the internal pipe material from chlorine. Biofilm 
thickness is expected to increase with the increase of the TOC (total organic carbon), 
of the water as noted by Kie´ne´ et al. (1998). According to the results of this 
research, the biofilm layer may be responsible for some chlorine consumption in a 
number of the pipes, thus, TOC may affects the chlorine wall decay constants. This 
is inconsistent with previous research conducted by Hallam et al. (2002) who 
pointed out that TOC had no influence on the chlorine wall decay constant, whereas 
it is consistent with that of Lu et al. (1999). 
Rossman, (2006) studied chlorine decay with respect to pipe material. The study 
simulated a pipe environment that was designed to replicate actual flow conditions 
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within a ductile iron pipe that had been subject to significant corrosion and biofilm 
build up. As did Hallam et al (2002), Rossman, (2006) found that regardless of 
treatment received or type of disinfectant used, first-order rate constants for both 
the bulk water and pipe wall reactions are higher at lower initial chlorine 
concentrations. This suggests that chlorine decay is not a pure first-order process 
but is also influenced by the concentrations of the species reacting with chlorine. 
Rossman, (2006) also found that for the unlined ductile iron pipe, chlorine decay 
was dominated by wall reactions. Al Jasser, (2007) agreed with Rossman, (2006) in 
that pipe age is an important factor that should be considered in the consumption 
of chlorine in pipes such as cast iron, steel, concrete lined ductile iron and concrete 
lined cast iron.  
Hallam et al (2002) found from their experiment that smaller diameter cast iron 
pipes gave the highest decay rate. The study found that wall decay rates differ 
depending on the condition of the pipe. Al Jasser, (2007) found that concrete lined 
steel pipe were less subjective to chlorine decay. 
Within the Trunk mains model, the pipe diameter ranges from 300mm to 960mm 
(Toowoomba City Council, 2001). Comparing these diameters with those used in the 
Platz zone, the majority of the pipe work within the Platz zone are 100mm and 
200mm in diameter (Toowoomba City Council, 2000). There are only a small portion 
of pipes that have a larger diameter of 375mm. Taking this into consideration, the 
wall decay coefficient can be changed to allow for the larger pipe diameters that are 
present in the Trunk main system.  
3.6 Software and Modelling 
In industry today, it is becoming more common for councils to model their water 
distribution system using state of the art modelling software capable of even finding 
leaking joints within a reticulation system. Some councils have whole departments 
that constantly update models in not only in water reticulation but also in sewer 
networks. These models are of great importance when it comes to expanding 
residential and industrial areas within the boundaries of the network. Various 
software use different methods of calculating flow, pressure and reservoir levels, 
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(just to name a few), with most being capable of providing adequate data to design 
a pipe network that enables all customers to be serviced according to set guidelines. 
3.6.1 Software 
As technology in today’s society advances, just like cars become faster and more 
efficient, and mobile phones come inbuilt with computers, water modelling 
software packages become more powerful and have more user defined options 
available.  
Original packages such as Pipes, Pipes++ and EPANET 2.0, were seen as being user 
friendly water modelling programs suitable for restricted tasks when they were 
released onto the market. These 3 software packages are a sample of the many that 
were available at the time. They are still being used in industry today but are 
starting to be phased out by more powerful programs.  
The older software packages are not spatially correct. A drawing of the area being 
studied can be inserted as a background drawing. Pipes and various other features 
such as valves and pumps can be drawn on top of the background at various places 
around the pipe network. Lengths can be defined to each section of pipe 
disregarding any comparison with the pipe situated next to it.  These older 
programs are quite suitable for use on design scenarios due to being so quick and 
easy to use, but for large existing pipe networks, more powerful and sophisticated 
programs are needed. 
Some of the software available today for water modelling are WaterCAD, MIKE 
URBAN, WaterGEMS and H2ONET Analyser. These newer programs are more 
spatially correct than the older programs. Either a stand- alone GIS interface, or GIS 
embedded within an AutoCAD program are used for the placement of pipe work. 
Previously collected data from surveyors can be used within each of these programs 
to model water distribution systems accurately.  
H2ONET Analyser is a steady state water distribution modelling, analysis and design 
software integrated with an AutoCAD interface. H2ONET has inbuilt modules which 
can perform comprehensive hydraulic and water quality modelling tasks, fire flow 
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analysis, energy management, real time simulation and control and unidirectional 
flushing (Chamberlain, 2007). 
MIKE URBAN™ is the most advanced, powerful, and comprehensive water 
distribution modelling package available (DHI, 2008). MIKE URBAN can analyse an 
entire water distribution system, or selected portions, under steady state, extended 
period and water hammer flow conditions, with water quality analysis if needed. 
MIKE URBAN is also compatible with EPANET models. It is a complete graphical 
modelling environment. 
MIKE URBAN allows extreme flexibility when developing a water distribution model. 
The user can develop a model from scratch using a variety of input methods 
including importation of data files from a GIS database or pre-existing water 
distribution model, schematically drawing the pipe network, or by direct data entry 
using the program editors. If a map of the water distribution system is available, 
MIKE URBAN can import this map and display it as a background image, allowing 
the user to interactively construct and layout the pipe network system (DHI, 2008).  
MIKE URBAN allows the user to develop a model by simply defining water 
distribution components (i.e., pipes, junction nodes, pumps, values, tanks, and 
reservoirs) in interactive, easy-to-use dialog boxes. This allows the user to define a 
model when an accurate map is not available for the pipe network model. After the 
pipe network has been defined, a hydraulic analysis of the network can be 
performed. Detailed reports can be generated from the analysis results and printed 
out.  
WaterGEMS provides modelling capabilities, so that you can model and optimize 
practically any distribution system aspect, including the following operations: 
 Hydraulic Analysis 
 Perform a steady-state analysis for a snapshot view of the system, or 
perform an extended-period simulation to see how the system behaves over 
time. 
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 Use any common friction method: Hazen-Williams, Darcy-Weisbach, or 
Manning’s methods. 
 Take advantage of scenario management to see how your system reacts to 
different demand and physical conditions, including fire and emergency 
usage. 
 Control pressure and flow completely by using flexible valve configurations. 
 You can automatically control pipe, valve, and pump status based on 
changes in system pressure (or based on the time of day). Control pumps, 
pipes, and valves based on any pressure junction or tank in the distribution 
system. 
 Perform automated fire flow analysis for any set of elements and zones in 
the network. 
 Calibrate your model manually, or use the Darwin Calibrator. 
 Generate capital and energy-cost estimates. 
 Computer system head curves. 
 Water Quality Analysis 
o  Track the growth or decay of substances (such as chlorine) as they 
travel through the distribution network. 
o Determine the age of water anywhere in the network. 
(Bentley, 2008) 
WaterGEMS, H2ONET Analyser and MIKE URBAN are the three most recent 
distribution modelling programs available on the market. All are very powerful tools 
and have the ability to model various types of situations.  
3.6.2 Modelling 
Chlorine modelling has not been undertaken for TRC in the past, so it is essential 
that the ideas and methodologies developed by previous engineering studies are 
recognised and understood. This will provide a foundation to develop the most 
suitable modelling methodology and develop the most effective model. The 
software available for the study on TRC’s distribution system is Pipes++. It is one of 
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the older software modelling packages and will be discussed in more detail in 
Chapter 5.  
Computer modelling of the hydraulic behaviour of distribution networks is now 
widely practised by water utilities. Models have become valuable tools for 
investigating leakage problems and ensuring that operational changes to 
distribution networks do not result in insufficient pressure at any point in the 
network (Powell et al, 2000). Most software packages have the capacity to model 
decay of compounds such as chlorine but due to a lack of accuracy and durability, 
most water utilities have not yet put their faith totally in the practice of modelling 
decay rates. Developers of hydraulic network simulations models began adding 
water quality calculation features into their models in the late 1980’s, (Walski et al, 
2001). 
As found earlier in the literature review, chlorine decays due to bulk decay and pipe 
wall reactions. Some researchers have found that the best way to model these 
reactions is to look at bulk decay and wall decay separately. The simplest method is 
to define the bulk and wall decay constant as the sum of a bulk and wall decay 
constant (Powell et al, 2000).  
With this in mind, the chlorine coefficient (k) can be modelled as: 
b wk k k      (Eqn. 3.9) 
Where, 
bk  = bulk decay constant 
wk  = wall decay constant 
Walski et al (2001), Rossman, (2000) and Bentley (2008) all have found that to 
combine bulk decay and wall decay as one coefficient that is to be used in chlorine 
decay, equation 3.10 is to be used. Equation 3.10 will be discussed in more detail in 
chapter 4 as the Pipes++ program also uses the same format. 
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    (Eqn. 3.10) 
Where:  bk  = bulk decay coefficient (1/T) 
wk  = wall reaction coefficient (L/T) 
fk  = mass transfer coefficient, bulk fluid to pipe wall (L/T) 
HR  = hydraulic radius of pipeline (L) 
The decay coefficients can then be modelled using the first order decay equation, 
equation 3.7. The first order decay equation has two considerable benefits. Firstly, 
it is simple to use as there is only one adjustable coefficient, and secondly, it is by 
far the most widely used kinetic model in chlorine decay modelling (Powell et al, 
2000). Powell et al, (2000) believe that there would have to be very good reasons to 
use any other kinetic model other than the first order decay equation. 
The equations describing transport through pipes, mixing at nodes, and storage and 
mixing in tanks are adapted in Walski et al. (2001). Equations taken from the MIKE 
URBAN, Water Gems and EPANET 2.0 manuals will be referenced clearly. 
Most water quality models make use of one dimensional advective-reactive 
transport to predict the changes in constituent concentrations due to transport 
through a pipe, and to account for formation and decay reactions (Walski et al. 
2001). A dissolved substance will travel down the length of a pipe with the same 
average velocity as the carrier fluid while at the same time reacting (either growing 
or decaying) at some given rate. Longitudinal dispersion is usually not an important 
transport mechanism under most operating conditions. This means there is no 
intermixing of mass between adjacent parcels of water travelling down a pipe 
(Bentley, 2008). Water GEMS, MIKE URBAN, EPANET 2.0 and H2ONET Analyser all 
use the same advective transport equations in pipes. Walski et al, (2001) also state 
the same equations in their water distribution modelling guide. Equation 3.11 is the 
preference for these software packages. 
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    (Eqn. 3.11) 
Where: 
       
iC
     = concentration in pipe i (M/L
3) 
iQ ,     = flow rate in pipe i (L
3/T)  
iA        = cross sectional area of pipe i (L
2) 
( )iC  = reaction term (M/L
3/T) 
At junctions receiving inflow from two or more pipes, the mixing of fluid is taken to 
be complete and instantaneous. Thus the concentration of a substance in water 
leaving the junction is the flow-weighted sum of the concentrations from the inflow 
pipes. 
 
For a specific node k one can write: 
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    (Eqn. 3.12) 
Where:   jOUT
C
     = concentration leaving the junction node j (M/L
3) 
jOUT ,     = set of pipes leaving node j  
jIN    = set of pipes entering node j 
iQ      = flow rate entering the junction from pipe i (L
3/T)  
, ii n
C
  = concentration entering junction node from pipe i (M/L
3) 
jU     = concentration source at junction node j (M/T) 
It is convenient to assume that the contents of storage facilities (tanks and 
reservoirs) are completely mixed. This is a reasonable assumption for many tanks 
operating under fill-and-draw conditions providing that sufficient momentum flux is 
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imparted to the inflow (Rossman and Grayman, 1999). Under completely mixed 
conditions the concentration throughout the tank is a blend of the current contents 
and that of any entering water. At the same time, the internal concentration could 
be changing due to reactions (Rossman, 2000). The following equation expresses 
these phenomena: 
( )
( )
s i s
s s
i j s si I i x L j O
t
V C
QC Q C r C    

   (Eqn. 3.13) 
Where:  Vs = Volume in storage at time t 
Cs = Concentration within the storage facility 
Is = Set of links providing flow into the facility 
Os = Set of links withdrawing flow from the facility 
 
Similarly EPANET, H2ONET Analyser, Water GEMS and MIKE URBAN can simulate 
four different mixing regimes including: 
 Complete mixing 
 Two compartment mixing 
 FIFO (first-in-first-out) plug flow; and 
 LIFO (last-in-first-out) plug flow 
In summary, the modelling programs Water GEMS, MIKE URBAN, EPANET 2.0 and 
H2ONET Analyser, all require three coefficients to model chlorine decay; these 
include kb, kw, and kf. The latter is calculated by the program being used. These 
three coefficients are then used to model chlorine decay in pipes, reservoirs and at 
nodal junctions using the appropriate equations. The three coefficients will differ 
for each pipe network depending on the present conditions of the pipe network and 
water quality. 
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3.7 Chapter Summary 
Chapter 3 has provided background information into the processes of water 
treatment and disinfection, the use of chlorine as a disinfectant, showing the 
reactions that take place within the treatment plant and distribution system with 
the main disinfection by products being identified. The parameters that effect bulk 
and wall decay have also been identified. Some of the software available on today’s 
market have been analysed with the chlorine decay modelling processes shown. 
  
 
 
 
 
 
 
 
 
Chapter 4 EXISTING RESIDUAL 
CHLORINE DATA ANALYSIS 
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4.1 Introduction 
This chapter will provide an analysis of the existing residual chlorine data that TRC 
archive. Chlorine levels have been analysed against time periods of no water 
restrictions to the times of level 5 water restrictions that are in place today. The 
effects that the water restrictions are having on chlorine residual levels within the 
distribution network have been identified. 
4.2 Collection of Data 
To undertake an analysis of the TRC’s chlorine levels at manual testing points, 
certain archived data must be selected and interpreted correctly. Since the year 
2000, manual testing data collected by TRC ground staff have been logged and 
saved within the TRC archives. It is important to keep a record of testing data to 
identify the changes that have occurred within the network, not only concerning 
chlorine levels, but also the changes in quality of water that is being contributed 
from the dams and bores in the system.  
As discussed in Chapter 2, the last period of water restrictions have been in practice 
since the year 2000.  Here there were only limited restrictions on lawn and garden 
hosing. Since then, water restrictions have tightened dramatically with Level 5 
restrictions being implemented since 2007.  
To find the greatest effect that the water restrictions have had on the residual 
chlorine concentrations within the distribution network, data has been collected 
and analysed from the 2000-2001 period (limited water restrictions) and 2007-2008 
period (severe water restrictions). Data where no water restrictions were in place 
would have been beneficial for the analysis, but due to the limitations of the 
archived material, the data were not able to be used. 
4.3 Chlorine Residual Testing 
One of the crucial jobs of the TRC ground staff is to conduct manual chlorine testing 
throughout the distribution network. These tests are taken at reservoirs, bores and 
selected consumer taps within each of the pressure zones. The consumer taps 
selected for testing are a direct feed from either the reservoir or bore contributing 
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to that particular zone. The filled red circles in Figure 4-1 show the location of 
testing points within the city of Toowoomba. There are a total of 51 field testing 
points within the distribution system.  
 
Figure 4-1 Chlorine residual testing locations 
Not all locations are tested every day. TRC have 3 town runs which are 
implemented on a rotational basis.  
The chlorine monitoring technique used by TRC is in line with that specified in the 
21st Edition of the Standard Methods for the Examination of Water and 
Wastewater (Eaton et al 2005). The manual procedure is a n,n-diethyl-p-phenylene 
diamine (DPD) colorimetric method that uses a calibrated photometric instrument 
to determine free chlorine in a test sample. The procedure is based on a sample 
volume of 10 mL. An indicator and buffer reagent tablet is added to the 10 mL 
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sample and shaken until the tablet is fully dissolved (Figure 4-2). The colour of the 
solution is then compared to the calibrated samples in the instrument to determine 
the chlorine concentration. 
 
Figure 4-2 - 10mL water sample with DPD tablet dissolved 
The colorimeter of choice for the TRC is the HACH pocket colorimeter (Figure 4-3). It 
is simple to use, small, lightweight and gives accurate results when calibrated 
correctly. 
 
Figure 4-3 Hach pocket colorimeter 
A level of uncertainty is associated with the manual procedure where there are 
obvious margins for error, including the use of incorrect sample volumes as well as 
a rough visual determination of free chlorine by colour comparison. This may easily 
be done if a job is rushed or a sample is not taken correctly. The DPD reactor 
reagent also reacts with oxidised manganese (usually in concentrations > 2.6 mg/L) 
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to produce colour, often causing this technique to produce misleading results at 
chlorine concentrations < 0.1mg/L (Eaton et al 2005).  
4.4 Comparison of Data 
The method used to analyse the collected chlorine residual data, was to average the 
2000-2001 data and graph the results. The 2007 – 2008 data was also averaged and 
graphed. In doing this, the residual free chlorine levels during low water restrictions 
can be compared to the severe water restrictions that are in place today. A 
percentage increase has then been calculated between the 2 time periods, allowing 
the effect of the water restrictions on free chlorine levels to be seen.  
Toowoomba Regional Council isolates their testing to 4 areas. These areas are the 
testing of: 
1. Mt Kynoch WTF (surface water from the 3 dams) 
2. Reservoirs (filled with both surface water from Mt Kynoch WTF and bores 
within the distribution system) 
3. Bores (groundwater from underground aquifers) 
4. Consumer taps (with water sourced from both bores and surface water) 
The consumer tap testing points are in areas that are believed to be affected by 
either the chlorinated ground water from the bores, or the reservoirs.   
4.4.1 Treatment Plant Analysis 
All surface water that enters Toowoomba’s distribution network is treated at the 
Mt Kynoch WTF. As previously discussed in Chapter 2’s overview of the treatment 
processes used at Mt Kynoch, chlorine gas is the preferred chemical for disinfection. 
Chlorine residual levels are measured in the clear water tanks prior to the treated 
water being released into the Mt Kynoch reservoirs. Figure 4-4 shows that the 
average chlorine residual in the clear water tanks in 2000 – 2001 was equal to 2.95 
mg/L. 
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Figure 4-4 - Mt Kynoch clear water chlorine residual with low water restrictions 
Comparing the clear water tank chlorine residual data from 2000 -2001 with 2007-
2008 (Figure 4-5), there is an increase of 14.2%. The average chlorine residual levels 
have risen from 2.95 mg/L to 3.38 mg/L.  
 
Figure 4-5 - Mt Kynoch clear water chlorine residual with severe water restriction 
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The dosage increase at the Mt Kynoch WTF could be caused by the following 
reasons. Water demand from consumers is low due to the water restrictions in 
place, therefore the detention time within the distribution network has increased. 
The water turnover at reservoirs is not as frequent as the 2000 – 2001 period, giving 
the water treatment officers no option but to increase the chlorine dosage to 
maintain the required residual throughout the entire network. 
Another reason for the increased chlorine dosage at the WTF is due to the fact that 
the dam levels are now at 10% of the full capacity. The quality of water leaving the 
dams is becoming of a lesser quality and needs an increased chlorine dosage as part 
of the disinfection process. 
4.4.2 Bore Analysis 
At every bore station situated within Toowoomba’s water supply network, a 
chlorine treatment facility doses the groundwater with either chlorine gas or a 
sodium hypochlorite solution. Most of the bores are directly fed directly into the 
water distribution network thus restricting the amount of chlorine residual that can 
be added to the water. A maximum dosage of 2mg/L is required at the bore stations. 
 From the data collected on chlorine residual levels at the bores scattered around 
Toowoomba’s pipe network, the following trend in Table 4-1 was discovered. As 
discussed in the method for the data analysis, the 2000 2001 levels have been 
compared with the 2007 – 2008 data collection. In the data for 2000 – 2001, from 
the 8 bores that were in use at the time, average chlorine residual levels ranged 
from 0.6 mg/L to 0.92 mg/L.  Comparing those values to the data collected from the 
2007 – 2008 period, the average chlorine residual levels now range from a 
minimum of 0.96 mg/L to 1.7 mg/L. In some cases, this is an increase of 142%. 
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Table 4-1 - Comparison of 2000 and 2008 average free chlorine levels at bores 
 
The most severely affected bore is the Eastern Valley Bore situated in the Horners 
Zone. During the time of low water restrictions, the average measured chlorine 
residual was equal to 0.59 mg/L (Figure 4-6).   
 
Figure 4-6 - Eastern Valley bore measured free chlorine with low water restrictions 
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Testing 
Point 
Sample 
Description 
Pressure Zone 
Average Free Chlorine 
mg/L % 
Increase 
2000 - 2001 2007 - 2008 
Bore Airport Kynoch - 1.56 - 
Bore Alderley Street Platz 0.92 1.57 70.7 
Bore Ballin Drive Gabbinbar - 1.54 - 
Bore Creek Street Horners - 0.96 - 
Bore Eastern Valley Horners 0.59 1.43 142.0 
Bore Freyling Park - - 1.5 - 
Bore Gabbinbar 
Triangle Park 
Gabbinbar - 1.47 - 
Bore McCrum Lane City 0.88 1.65 87.5 
Bore Middle Ridge Park Gabbinbar 0.37 - - 
Bore Milne Bay City 0.8 1.7 112.5 
Bore Nell E Robinson Gabbinbar 0.86 1.6 86.0 
Bore Queens Park Kynoch 0.73 1.6 119.2 
Bore Stephen Street City 0.6 1.33 121.7 
Bore Toowoomba 
Cemetery 
Kynoch - 1.37 - 
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Comparing the data from 2000 – 2001 with the 2007 – 2008 data (Figure 4-7), the 
average chlorine residual present after the chlorination process is equal to 1.43 
mg/L. This is an increase of chlorine residual approximately equal to 142%. Reasons 
for this dramatic increase may be due to a number of factors, these being: 
 Toowoomba Regional Council’s ground staff have recognised that the 
detention time in the pipe network has increased, therefore they have 
increased the dosage of chlorine to allow for the decay through the pipe 
network. 
 The increased usage of the Eastern Valley Bore is such that it is now run 
completely dry, allowed to regenerate to an adequate pumping level and 
then run dry again. In doing this, the quality of water entering the aquifer is 
deteriorating and contains an increased amount of material that requires a 
greater chlorine demand. 
 
Figure 4-7 - Eastern Valley bore measured free chlorine with severe water restrictions 
The complete collection of bore analysis graphs can be found in Appendix B-1.  
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4.4.3 Reservoir Analysis 
Reservoir testing is completed on each of the town runs that Toowoomba Regional 
Council ground staff rotate between each week.  The same analysis was conducted 
with the obtained data, this being selecting the 2000 – 2001, low restriction data 
and comparing it with the 2007 – 2008 severe restriction data.  
As was seen with in the bore analysis, the reservoir chlorine residual levels have 
increased by up to 152%. The complete collection of reservoir analysis graphs can 
be found in Appendix B-2. Table 4.2 is a comparison between the measured 
chlorine residual levels at all reservoirs during low and sever water restrictions. 
Table 4-2 - Comparison of 2000 and 2008 average free chlorine levels at reservoirs 
During the 2000 – 2001 period, Freneau Pines Tower reservoir’s average chlorine 
residual was equal to 0.3 mg/L (Figure 4-8). This is under the minimum required 
chlorine residual of 0.4 mg/L. This reservoir services the Freneau Pines pressure 
zone which is the smallest zone within the distribution system. Even though the 
reservoir is below the minimum required chlorine residual, at George Orford Park 
(the consumer tap testing point for Freneau pines zone) the average chlorine 
residual at George Orford Park is equal to 0.36 mg/L (Table 4-3). This average at 
George Orford Park is above the recommended residual concentration of 0.1 mg/L 
providing evidence that the zone is adequately chlorinated. The issue of a low 
Testing 
Point 
Sample Description 
Pressure 
Zone 
Average Free Chlorine 
mg/L % 
Increase 
2000 - 2001 2007 -2008 
Treatment Clear Water Kynoch 2.95 3.37 14.2 
Treatment Kynoch Reservoir Kynoch 1.4 1.8 28.6 
Reservoir Freneau Pines Tower Freneau 
Pines 
0.3 0.59 96.7 
Reservoir Gabbinbar Elevated Gabbinbar 0.46 0.64 39.1 
Reservoir Horners  Horners 0.57 1.13 98.2 
Reservoir Lofty  Lofty 0.65 0.83 27.7 
Reservoir Picnic Point Picnic Point 0.42 1.06 152.4 
Reservoir Platz Platz 0.57 0.89 56.1 
Reservoir Rowena Rowena 0.43 0.82 90.7 
Reservoir Stuart Street  0.56 1.37 144.6 
Reservoir Gabbinbar No.1 Gabbinbar 0.39 0.79 102.6 
Reservoir Gabbinbar No.2 Gabbinbar 0.51 0.79 54.9 
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chlorine residual at the Freneau Pines Tower reservoir poses no problem at 
consumer taps due to the small size of the pressure zone. 
 
Figure 4-8 Freneau Pines Tower reservoir measured free chlorine with low water restrictions 
 
Figure 4-9 Freneau Pines Tower reservoir measure free chlorine with sever water restrictions 
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In 2007-2008, the average chlorine residual for Freneau Pines Tower has increased 
to 0.59 mg/L, which is an increase of 96.7% (Figure 4-9). The measurement is still 
frequently under the required minimum chlorine residual of 0.4mg/L.  
The moving average line that has been fitted to the data in Figure 4-9 shows a 
certain trend. There are distinct peaks and valleys within the measured readings. 
During the warmer months, the chlorine residual at the Freneau Pines reservoir is at 
a minimum. As the temperature decreases, and the cooler months of the year come 
around, the chlorine residual levels increase. The temperature has a distinct effect 
on the amount of chlorine decay from the Mt Kynoch reservoir to the Freneau Pines 
Reservoir.  
The same trend line could not be fitted to the data from the 2000 – 2001 period 
(Figure 4-8). Reasons for this may be because there was an increased water 
turnover within the low water restriction period. The air temperature at the time 
would still have fluctuated during the summer and winter months, but the effect 
evident on the chlorine residual is not as defined as it is with the data that has been 
collected from present times. 
4.4.4 Consumer Tap Analysis 
The testing of consumer taps is paramount in maintaining satisfactory chlorine 
residual levels throughout the distribution network. Chlorine has an odour 
threshold in drinking water of about 0.6 mg/L, but some people are particularly 
sensitive and can detect amounts as low as 0.2 mg/L (ADWG, 2004). Due to this 
odour that is associated with chlorine, minimal chlorine residuals, still exceeding the 
0.1 mg/L guideline are preferred at consumer taps. This is hard to achieve within 
the whole distribution system due to the fact that chlorine is dosed at a higher level 
within the treatment plant to allow for decay throughout the network. Consumers 
who are closer to the treatment usually have higher chlorine residuals compared to 
those who live further from the treatment plant. 
Table 4-3 compares the average chlorine residuals at consumer taps during the 
2000 - 2001 and 2007 - 2008 periods. As with the bores and reservoirs, the chlorine 
residual at consumer taps has generally increased by a substantial amount. The only 
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consumer points that do not follow the increasing trend are the testing points of K2 
Queens Park, L1 SPS 27, P2 Earnest Peak Park and FP1 George Orford Park.  All four 
of these consumer testing points have decreased in average chlorine residual by 
50%, 58%, 50% and 78% respectively. 
 
Table 4-3 - Comparison of 2000 and 2008 average free chlorine levels at consumer taps 
 
Testing Point 
Sample 
Description 
Pressure 
Zone 
Average Free Chlorine 
mg/L 
% 
Increase 
2000 - 2001 2007 - 2008 
Consumer Tap City Library City 0.58 1.13 94.8 
Consumer Tap Willowburn Soccer City 0.72 1.43 98.6 
Consumer Tap Harristown Park Gabbinbar 0.99 1.8 81.8 
Consumer Tap Smithfield Park Gabbinbar 0.91 1.52 67.0 
Consumer Tap G3 SPS 41 Gabbinbar 0.47 0.62 31.9 
Consumer Tap G4 Rangeville Park Gabbinbar 0.39 1.06 171.8 
Consumer Tap G5 SPS 37 Gabbinbar 0.55 1.2 118.2 
Consumer Tap G6 Middle Ridge 
Park 
Gabbinbar 0.45 1.26 180.0 
Consumer Tap G7 SPS 15 Gabbinbar 0.79 1.04 31.6 
Consumer Tap H1 Information 
Centre 
Horners 0.54 1.32 144.4 
Consumer Tap H2 East Creek Horners 0.58 1.08 86.2 
Consumer Tap H3 City Golf Club Horners 0.61 1.12 83.6 
Consumer Tap H4 Lake Annand Horners 0.67 1.08 61.2 
Consumer Tap K1 Blue Mountains 
Reserve 
Kynoch 0.83 1.38 66.3 
Consumer Tap K2  Queens Park Kynoch 0.66 0.33 -50.0 
Consumer Tap K3 Laurel Bank Park Kynoch 0.67 - - 
Consumer Tap K3 Pechey Street Kynoch 0.82 1.05 28.0 
Consumer Tap K4 SPS 5 Kynoch 0.75 1.83 144.0 
Consumer Tap K5 SPS 53 Kynoch 0.5 1.02 104.0 
Consumer Tap K6 Bedford Street 
Tip 
Kynoch 0.55 0.75 36.4 
Consumer Tap L1 SPS 27 Lofty 0.48 0.2 -58.3 
Consumer Tap L2 SPS 34 Lofty 0.62 0.73 17.7 
Consumer Tap P1 SPS 4 Platz 0.56 0.78 39.3 
Consumer Tap P2 Earnest Peak 
Park 
Platz 0.6 0.3 -50.0 
Consumer Tap FP1 George Orford 
Park 
Freneau 
Pines 
0.36 0.08 -77.8 
Consumer Tap PP1 Parsons Street 
Park 
Picnic Point 0.41 0.65 58.5 
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The manual testing results of K2 Queens Park, L1 SPS 27, P2 Earnest Peak Park and 
FP1 George Orford Park are somewhat strange. Considering the results that have 
been found from the previous analysis of the chlorine residual levels at the 
reservoirs and bores, it would be expected that the increase in chlorine residual 
would continue through all of the consumer points. 
To try and find a reason for this decrease in chlorine residual, consumer tap manual 
testing data from the Platz zone has been graphed together. From Figure 4-10, the 
measured chlorine residual levels at P1 SPS 4 and P2 Earnest Peak Park are very 
similar until the 22nd of September, 2004.  From this point in time onwards, the free 
chlorine at P2 Earnest Peak Park is significantly lower than P1 SPS 4. After 
discovering this trend in the data, an investigation was conducted on why the 
chlorine residual level decreased at P2 Earnest Peak Park. 
 
Figure 4-10 - Platz Zone consumer tap testing points 
The testing location at P2 Earnest Peak Park is at a tap on the outside of a toilet 
block at the sporting oval ‘Earnest Peak Park.’ During the times of low water 
restrictions, the sporting oval was being irrigated and the water usage was quite 
high. Manual testing that occurred during this time was completed using a fresh 
water sample, due to the fact that the water turnover was quite frequent. Now that 
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the oval is not being irrigated and the off-take from the distribution main to the 
toilet block is long, the chlorinated water sample that is being used to conduct the 
residual chlorine test has possibly been sitting in the main for quite some time.  TRC 
ground staff let the testing tap run for at least 3 minutes to obtain a fresh water 
sample, but in the case of Earnest Peak Park, 3 minutes is not enough. There is no 
issue with the average chlorine residual level at Earnest Peak Park as it is above the 
minimum required value of 0.1 mg/L. The only problem with the testing here is that 
it is not a true indication of the chlorine residual at the consumer tap of P2 Earnest 
Peak Park.  
As for the testing locations of K2 Queens Park, L1 SPS 27 and FP1 George Orford 
Park, the same scenario is present. At both the parks, manual tests are conducted at 
toilet blocks that have a very low water turnover. Manual testing results are again 
are above the minimum required chlorine residual level, but are not a true 
indication of the actual residual present. L1 SPS 27 has a long off-take from the 
distribution main resulting in an increased detention time. To remedy the issue at 
these testing locations, more adequate testing points should be used.  
4.5 Effect of Low Water Supply on Chlorine Residual 
Throughout the analysis of water data in this chapter, the effect of water 
restrictions on Toowoomba’s chlorine residual levels can be narrowed down to two 
major issues. The residual chlorine at bores, reservoirs and consumer taps has 
increased in some instances by up to 172%. The other major effect of water 
restrictions are that specific consumer taps measured residual chlorine levels, have 
decreased due to the low turnover of water. 
Another method of determining the impact that low water supply is having on 
water quality is to calculate the percentage of the Mt Kynoch reservoirs residual 
chlorine that is present at each consumer tap throughout the entire network. All 
water that is distributed through the pipe network is originally stored in the Mt 
Kynoch reservoirs, therefore the comparison between low and severe water 
restrictions will give an indication of how much the increased bore usage is affecting 
chlorine residuals. 
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In the period of low water restrictions, there was bore usage throughout the 
network, but it was not as extensively used as it is today with a severely depleted 
surface water supply. Chlorination at each bore was still utilised as is today with the 
same methods being used.  
The results obtained of this comparison are shown in Table 4-4. To take an example, 
the average chlorine residual at the consumer tap testing point from the 
Willowburn soccer club, was at 51% of Mt Kynoch’s average residual chlorine of 1.4 
mg/L during the 2000 – 2001 period. If the water restrictions have no effect on the 
chlorine residual, the measured residual at Willowburn soccer would still be at 51% 
of Mt Kynoch reservoir’s chlorine residual.  
At the same consumer tap today, the average residual chlorine is at 79% of Mt 
Kynoch reservoir’s chlorine residual. This shows that the surrounding bores being 
used to supplement Toowoomba’s dwindling surface water supply, are having an 
influence on the Willowburn soccer’s consumer tap. The chlorine disinfection at 
these surrounding bores has increased the residual chlorine at the testing point.  
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Table 4-4 - Percentage of Mt Kynoch reservoir’s residual chlorine 
Type Sample Description 
% of Mt Kynoch 
Reservoir residual 
chlorine   
(2000 -2001) 
% of Mt Kynoch 
Reservoir residual 
chlorine   
(2007 -2008) 
Difference 
Reservoir Mt Kynoch 100 100 0 
Con. Tap City Library 41.43 62.78 21.35 
Con. Tap Willowburn Soccer 51.43 79.44 28.02 
Con. Tap Harristown Park 70.71 100.00 29.29 
Con. Tap Smithfield Park 65.00 84.44 19.44 
Con. Tap G3 SPS 41 33.57 34.44 0.87 
Con. Tap G4 Rangeville Park 27.86 58.89 31.03 
Con. Tap G5 SPS 37 39.29 66.67 27.38 
Con. Tap G6 Middle Ridge Park 32.14 70.00 37.86 
Con. Tap G7 SPS 15 56.43 57.78 1.35 
Con. Tap H1 Information Centre 38.57 73.33 34.76 
Con. Tap H2 East Creek 41.43 60.00 18.57 
Con. Tap H3 City Golf Club 43.57 62.22 18.65 
Con. Tap H4 Lake Annand 47.86 60.00 12.14 
Con. Tap K1 Blue Mountains 
Reserve 
59.29 76.67 17.38 
Con. Tap K2  Queens Park 47.14 18.33 28.81 
Con. Tap K3 Laurel Bank Park 47.86 - - 
Con. Tap K3 Pechey Street 58.57 58.33 0.24 
Con. Tap K4 SPS 5 53.57 101.67 48.10 
Con. Tap K5 SPS 53 35.71 56.67 20.95 
Con. Tap K6 Bedford Street Tip 39.29 41.67 2.38 
Con. Tap L1 SPS 27 34.29 11.11 23.17 
Con. Tap L2 SPS 34 44.29 40.56 3.73 
Con. Tap P1 SPS 4 40.00 43.33 3.33 
Con. Tap P2 Earnest Peak Park 42.86 16.67 26.19 
Con. Tap PP1 Parsons Street 
Park 
29.29 36.11 6.83 
Con. Tap George Orford Park 25.71 4.44 21.27 
 
At all the consumer tap testing points within the distribution system, only 6 have 
stayed within 10% of the percentage comparison from 2000 - 2001 and 2007 - 2008, 
shown in Table 4-4. From these results, it is shown that 77% of the consumer tap 
testing points within Toowoomba’s water distribution system have been affected by 
the increased number of bores and their water chlorination. These bores are only 
needed because of the water situation at the present time. During times of low 
water restrictions and a sufficient surface water supply, bore usage will be low and 
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chlorine residual levels will be affected more by the residual at the Mt Kynoch 
reservoir. 
4.6 Chapter Summary 
This chapter has identified the changes of the chlorine residual at bores, reservoirs, 
consumer taps and the Mt Kynoch WTF. Data from 2000 – 2001 has been compared 
with 2007 – 2008 data to find results and trends that have changed over time 
depending on the water restrictions that are in place. Consumer taps that are 
affected by the increased bore usage and low water turnover have also been 
identified. 
 
  
 
 
 
 
 
 
 
 
Chapter 5 INTRODUCTION TO 
MODELLING SOFTWARE 
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5.1 Introduction 
The objective of this chapter is to describe in detail the network models that will be 
used to analyse the hydraulics and chlorine distribution for the project study area. 
The models will then be used to analyse the Trunk Mains and Platz pressure zone. 
5.2 Network Model Description 
The chosen hydraulic modelling software for this project is “Pipes++”, developed by 
Watercom Pty Ltd. The modelling suite was first used by TRC in 1998 and has been 
the chosen software package for network analysis. Pipes++ is a steady state water 
distribution modelling, analysis and design software. Recent updates allow the 
program to be fitted with a GIS interface, but the issue used in this project is not 
capable of doing so. Pipes++ has inbuilt modules which can perform comprehensive 
hydraulic and water quality modelling tasks, fire flow analysis, energy management, 
real time simulation and water quality management. 
5.2.1 Model setup 
TRC do not have a complete hydraulic network model for the entire distribution 
system. At present, a trunk main and Platz pressure zone models have been utilised 
for previous work and will be manipulated and updated for use in this project. The 
model is made up of elements including pipes, nodes, pumps, valves, and tanks 
(reservoirs), each have been allocated particular attributes based on TRC’s SCADA 
system. Among these elements, there are different types that can be chosen to 
enable particular hydraulic task to be undertaken. For example, valves including 
pressure-reducing valves, pressure-sustaining valves, flow control valves just to 
name a few, are available as well as fixed head and variable head tanks. 
The basic model inputs for nodes, (Figure 5-1) are elevation, water demand and 
initial water quality, while the basic outputs include hydraulic head, pressure and 
water quality. Similarly required pipe inputs, (Figure 5-2) are length, diameter, type 
and roughness with outputs of flow, velocity and head loss and water quality. 
Reservoir inputs, (Figure 5-3) include elevation, top, bottom and spill water level 
and cross sectional area with outputs including flow, tank level and tank head. 
Pump information required include specified head, flow and efficiency for design 
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point curves and time operating parameters. Pump outputs include flow, pump 
head and power.  
1 
 
 
 
 
 
 
 
 
                                
 
 
Figure 5-3 - Dialogue box for a reservoir. 
Each node in both the Trunk mains and Platz pressure model require a demand. 
Demands from a node are allocated to one of ten areas. Each area can have a 
different: 
 multiplying factor which is applied to all demands in that area 
 Day to day variation in demand.  The day to day demand pattern is a set of 
numbers.  There is one number for each day for up to 32 days.  The first 
number is applied as multiplying factor to demands for day 1 in the 
simulation, the 2nd to day 2 etc. 
Figure 5-1 - Dialogue box for a pipe. Figure 5-2 - Dialogue box for a node. 
Chapter 5 –Introduction to Modelling Software 
-66- 
 Diurnal demand variation pattern (Figure 5-4).  This is a set of 48 numbers 
giving the ratio of demand to average demand at half hourly intervals over a 
full day.  The total of all the numbers should be 48.0. 
 
Figure 5-4 - Hot weather medium peak diurnal pattern. 
Pipes++ uses either the Colebrook White equation, or the Hazen-Williams equation 
to calculate pipe friction. TRC utilise the Hazen Williams equation (equation 5.1), for 
their network modelling. The corresponding friction coefficient (C) is used as a pipe 
roughness parameter as shown in Figure 5-2. Note that a lower C value equates to 
higher friction or head loss according to the HW head loss formula shown in 
Equation 5.1 (Chadwick, Morfett & Borthwick, 2004). 
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    (Eqn. 5.1) 
Where: hf = Headloss due to friction 
D = Pipe Diameter 
v = Average pipe velocity (m/s) 
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After applying all the relative information on demands, pipes, nodes, pumps, valves 
and reservoirs into the models the hydraulic simulation period can then be selected. 
Pipes++ can model either a single balance or extended period simulation (EPS), 
(Figure 5-5).  The EPS can be at 15, 30 or 60min intervals for any period of days. TRC 
use 30 min intervals for their simulations.  
 
Figure 5-5 - Simulation time 
5.2.2 Water Quality Model 
The water quality model in PIPES++ tracks a dissolved chemical as it flows through 
the network.  It uses the conservation of mass equation to calculate the 
concentration of dissolved chemical at each node and at internal points along pipes.  
Initial concentrations must be specified for each node.  In addition nodes and 
reservoirs can be nominated as injection points.  For these points, the chemical 
concentration versus time must be specified (Watercom, 2001). 
PIPES++ can model decaying chemicals (eg Chlorine), growth chemicals and 
conservative chemicals (eg Fluoride).  Growth chemicals are treated as negative 
decay chemicals and conservative chemicals are treated as zero decay chemicals.  
The rate of decay is determined by a first order reaction rate model which allows 
for different decay rates close to the pipe wall and in the bulk flow further away 
from the pipe wall.  For each pipe a Bulk Decay Rate (per day) and a Wall Decay 
Rate (m/day) must be specified.  Normally you would specify the same rate for 
many of the pipes in a network and you need then only specify the default value to 
be used for these pipes (Watercom, 2001). 
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The rate of change of concentration at a point is calculated as: 
dc
Kc
dt
       (Eqn. 5.2) 
 Where: 
 c = concentration (mg/L) 
 t = time (days) 
 K = an overall constant at this location as follows 
 
( )
w f
b
H w f
k k
K k
R k k
 

     (Eqn. 5.3) 
Where:  bk  = bulk decay coefficient (1/day) 
wk  = wall reaction coefficient (m/day) 
fk  = mass transfer coefficient, bulk fluid to pipe wall (calculated     by 
pipes++) 
HR  = hydraulic radius of pipeline (calculated as Pipe Diameter / 4) 
The only variables that are needed by the user are the bulk and wall decay 
coefficient. The mass transfer coefficient kf is calculated by the program. 
At present there are no guidelines available for selecting reasonable values of bulk 
and wall decay parameters for a particular water distribution system and field 
testing is generally required for calibration. Figure 5-6 is the menu selection in 
Pipes++ that requires the input of water quality coefficients.  As a starting point, 
values around 0.03 to 0.5 day-1 and 0.3 to 1.5 m/day for Chlorine bulk and wall 
decay rates respectively have been mentioned in the literature in relation to treated 
water distribution systems (Watercom, 2001). 
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Figure 5-6 – Dialogue box for water quality analysis. 
5.3 Data Output 
There are 2 methods of analysing the results after running the model in Pipes++. 
Chlorine residual levels can be identified at nodes, pipes and reservoirs by analysing 
the graphical output (Figure 5-7), or the entire system can be colour coded to show 
different levels of chlorine residual (Figure 5-8). 
 
Figure 5-7 - Graphical output of chlorine residual at a reservoir 
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Figure 5-8 - Sample output from Pipes++ network analysis 
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5.4 Chapter Summary 
Chapter 5 has provided the background information of the technical workings that 
Pipes++ utilises. The fundamental operations and selection of data have been 
discussed. 
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6.1 Introduction 
This chapter discusses the methods used in constructing both the Platz and Trunk 
Mains models in the Pipes++ program. In order for the models to be an accurate 
tool in planning they must be calibrated to actual field measurements and verified. 
This is mandatory as part of the model preparation process. The demand for treated 
water has been discussed and appropriately used within each model.  
6.2 Model Preparation 
To achieve the most accurate results and solutions, it is imperative that both the 
Platz and trunk mains models be updated to allow for the most recent 
infrastructure within the system. Both models were constructed at least 7 years 
prior to this project being undertaken, therefore there has been significant changes 
concerning demands and new pipe work. Before any calibration of the hydraulic or 
water quality output can be utilised, both models have to be updated. The most 
recent changes that were made in both of the models were: 
 Reservoir levels and capacity 
 Demand 
 Pump operation 
For the hydraulic modelling that Toowoomba City Council, (2000) and Toowoomba 
City Council, (2001) conducted, the friction coefficients shown in Table 6-1 were 
used. The results displayed good correlation between model and field data, 
therefore they have been used for the modelling purposes in this project. 
Table 6-1 - Adopted 'C' values 
‘C’ Value Main Diameter 
110 For mains diameter less than 200mm 
120 For mains diameter between 200mm and 300mm 
130 For mains diameter between 300mm and 600mm 
140 For mains diameter more than 600mm 
 
The parameters that were adjusted to calibrate both the Platz and Trunk mains 
model were the demand, reservoir levels, and pump operation until the selected 
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SCADA data showed good correlation with the Pipes++ model output as discussed 
later in the chapter.  
6.3 Platz Pressure Model 
The Platz pressure zone shown in Appendix C, Figure C-1, is situated on the south 
western boundary of the distribution network. It is physically separated into 2 parts 
(north and south) with Stenner Street a common boundary. The northern part of 
the zone is fully developed with little scope for further industrial and infill 
developments. There is significant scope for future residential and infill 
developments in the southern part of the Platz pressure zone (Toowoomba City 
Council, 2000). 
In November 2000, a pressure analysis was conducted on the Platz pressure zone by 
Toowoomba City Council, to review the adequacy of the existing distribution system. 
The current and future demands of the time, including the fire fighting 
requirements were assessed and analysed within a model constructed in the 
Pipes++ program. The model that was developed for this analysis has been adopted 
for the modelling purposes of this project. The model has been updated to suit the 
current demand and conditions that are present in the Platz system so that the 
chlorine decay throughout the network can be modelled with some degree of 
accuracy. 
6.3.1 Water Demand 
The previous study that has been conducted on the Platz pressure zone analysed 
the area to see if minimum pressures were achieved throughout times of maximum 
flow. The model was set to incorporate the flows of Mean Day Maximum Month 
(MDMM), Maximum Day (MD) and Maximum Hour (MH).  The model was divided 
into 5 essential areas, these being residential, commercial, industrial, special and 
major open spaces. At each node in the model, the corresponding areas were 
assigned a flow for the particular situation that was needed. Residential areas were 
assigned an Equivalent Tenement (ET) for the node being constructed. In the Platz 
zone there are 2887 ET’s with an occupancy ratio of 2.42 (capita/ET). 
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For the purpose of modelling chlorine decay, the worst case scenario is when the 
detention time of the treated water is at a maximum. For this instance, the Average 
Day (AD) demand of the system has been used for modelling purposes. Due to the 
water restrictions that are enforced at the present time, the AD demand of the Platz 
pressure zone is only a fraction of what it was in 2000.  
The AD demand was calculated for the Platz pressure zone using both the 2000 
model and the present day demand of Platz pressure zone. Table 6-2 determines 
the total demand for the Platz pressure zone for 2008. 
Table 6-2 - Calculation of present average day demand. 
Platz Average Day Demand - 2008 
 2008 – Cycle 1 2008 – Predicted Total 
Total metered Consumption (kL) 213212 426424 
Unaccounted for water loss (%) 15 15 
Total Treated Water Supplied (kL) 245192 490388 
Total Demand (L/s) 7.78 15.55 
 
From the pressure analysis in 2000, the average demand for the Platz zone is shown 
in Table 6-3. 
Table 6-3 - Platz average day demand 2000 
Platz Average Day Demand - 2000 
 Platz South Platz North Total 
Demand (L/s) 11.76 13.95 25.71 
 
Comparing the average day demand from the year 2000 to 2008, there has been a 
reduction in water demand of 10.16 L/s due to the water restrictions. This change in 
demand equates to today’s usage being 60.48% of the average day demand in 2000. 
To be able to use the pressure model constructed in 2000 for the modelling of 
chlorine for 2008, a Global Factor (GF) of 0.6048 has been applied to all the nodal 
demands within the pressure model. This has enabled the 2000 model to be used 
with today’s conditions.   
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6.3.2 Establishment of Reservoir levels 
The model used for the pressure analysis in 2000 incorporated a reservoir with a 
constant water level. For this project, the correct reservoir details have been used. 
Appendix D lists the details for Toowoomba’s reservoirs. Platz reservoir is 35.1m in 
diameter with a usable volume of 4083kL and a total storage of 4490kL. It is filled 
form the Platz control valve which allows treated water to flow from the Gabbinbar 
reservoirs directly into Platz reservoir.  
The current procedure for the Platz reservoir is to let the water level drop to 55% of 
the total storage and refill to 75% of the total storage. After talking with TRC ground 
staff who regulate the Platz valve, the opening and closing of the valve is entirely 
dependent on the water usage situation at the time and the operator that is 
controlling the network. Figure 6-1 confirmed what the ground staff had said. 
Reservoir levels fluctuate between 45% and 85% full. With the present water 
situation, Platz reservoir is filled approximately once every 3 days. 
 
Figure 6-1 - Platz reservoir levels from SCADA data 
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6.3.3 Alderley Street Bore 
The Alderley Street bore is situated on Alderley Street on the eastern side of Platz 
South (see Appendix C, Figure C-1), and provides most of Platz North with 
chlorinated water. At times of low demand within Platz zone, the Alderley Street 
bore feeds chlorinated water directly into Platz reservoir.   
The pressure model from 2000 neglected the input of water from the Alderley 
Street Bore. Due to the fact that all of the water that leaves the Alderley Street bore 
is chlorinated, it was essential to add it into the 2008 Platz model. The Pipes++ 
program has not got the functionality to insert a bore into a reticulation system. To 
get around this predicament, a reservoir that induced the same amount of head as 
the Alderley Street Bore pump was inserted at the required point. Chlorine was 
injected at this node to simulate the same effect that the Alderley street bore 
would have. An average flow of 10.16 L/s was used at the Alderley Street flow 
control valve within the Pipes++ model. Figure 6-2 demonstrates the present 
pumping conditions of the Alderley Street bore. 
The bore station is pumped as per every other bore in the system during these 
times of low water supply. The bore is run until the water table needs time to 
rejuvenate resulting in inconsistent pumping times with a wide variance in flow rate.  
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Figure 6-2 - Running conditions of Alderley Street bore 
6.3.4  Calibration 
The next step in the process of constructing a pressure model is to calibrate it. The 
hydraulic simulation software simply solves the equations of continuity and energy 
using the supplied data; thus, the quality of the data will dictate the quality of the 
results. The accuracy of a hydraulic model depends on how well it has been 
calibrated, so a calibration analysis should always be performed before a model is 
used for decision-making purposes (Walski et al, 2001).  
Two methods of calibration were used for the Platz pressure model. Pressure logger 
data were taken from various field locations within the zone and compared to the 
output from the model. Another method used was to compare the reservoir levels 
from the SCADA readings to the calculated reservoir levels from the Pipes++ 
program.  
The process of calibration may include changing system demands, fine-tuning the 
roughness of pipes, altering pump operating characteristics, and adjusting other 
model attributes that affect simulation results (Walski et al, 2001). 
0
2
4
6
8
10
12
14
16
18
20
Fl
o
w
 -
Q
(L
/s
)
Date
Alderley Street Bore Pumping Conditions
Alderley Bore SCADA Data
Average Flow = 10.16 L/s
Chapter 6 –Development of Hydraulic and Water Quality Models for Selected Areas 
-79- 
6.3.4.1 Reservoir Readings 
The first method of calibration was conducted using the SCADA data readings for 
Platz reservoir. From Figure 6-1, there is no definite pattern between filling times of 
the reservoir. The only area on the graph that shows a definite cycle of emptying 
and filling with some bore input from Alderley St. occurs between the 22.05.08 and 
the 27.05.08. The peaks between these 2 dates are well defined and will be used for 
the calibration of the reservoir levels. 
 The GF demand that was used in the Pipes++ Platz model was only an estimate to 
the demand of present time. The SCADA data used for the Platz reservoir readings is 
the total water that passes through the Platz control valve, inclusive of losses that 
occur within the Platz pressure zone. The Pipes++ program is unable to model the 
losses within a distribution system, therefore the Platz zone has been modelled as a 
perfect scenario where there is no water loss within the system.  
Figure 6-3 shows the comparison of the Platz reservoir SCADA readings and the 
modelled output. The average error between both sets of data is 5.88%. This has 
been achieved by manipulating the GF to find the closest possible relation to the 
SCADA data. 
 
Figure 6-3 - Platz reservoir calibration 
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Figure 6-4 is another method of comparing the reservoir SCADA readings against 
the Pipes++ modelled output. This correlation plot distinguishes the differences 
between the modelled output and the SCADA measured field data. The linear data 
line has an R2 value of 0.9129 which represent a good fit to the data. This plot also 
shows that the calibration for the Platz zone model is adequate, therefore allowing 
the results obtained to be close to the actual field conditions. 
 
Figure 6-4 – Correlation plot for model and field pressure at Platz reservoir. 
6.3.4.2 Pressure Logger 
The second method of calibration was to conduct field pressure tests at certain 
testing points around the Platz zone. Testing points that were close to valves 
connecting Platz zone to the surrounding zones were chosen as the results would 
give an indication of any interconnection problems. The method used to conduct 
the pressure tests were as follows: 
1. Select suitable hydrants that had minimal rust and dirt. 
2. Flush the hydrant to clean the surface. 
a.  This eliminates the chance of getting mud caught in the pressure 
logger. 
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3. Attach hydrant cap and pressure logger to the clean hydrant (Figure 6-3). 
4. Leave for a period of 15 minutes to allow fluctuations in logger to settle out. 
5. Download the data to a laptop computer. 
It would have been preferable to leave the pressure loggers at the selected 
locations overnight to calibrate against running pressures, but due to the limitations 
in equipment, only short period tests could be conducted. 
 
 
Figure 6-5 - Field testing of pressure using pressure logger. 
The results obtained from the hydrant test are in Table 6-4. Comparing the model 
against the model output from Pipes++, the percentage errors in all pressure 
readings are very good. The error does not pass above 2% which is well within the 
maximum desired error of 10%. 
Table 6-4 - Results from pressure calibration 
Field Location Node 
Average Field 
Pressure  
(m) 
Average Model 
Pressure (m) 
% error 
East Stephen St. P0187 53.61 53.23 0.71 
Underwood Crescent P0171 60.00 59.72 0.47 
Harristown School P0133 37.31 37.95 1.72 
11 Butt St. P0236 - P0212 37.03 37.39 0.97 
Cortess St. P0224 28.15 28.12 0.11 
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During the time period that the hydrant pressure tests were taken, Alderley St. bore 
was not in operation. The pressures measured were entirely dependent on the 
operation of the Platz reservoir. The results from the testing have determined that 
the friction coefficients and demand within the model are adequate. Due to the fact 
that the Pipes++ Platz model has modelled the Alderley Street bore with a constant 
flow and pressure into the Platz system, there are certainly going to be some errors 
during the operating period. Modelling the bore contribution is a difficult task so for 
the purpose of this project, these results obtained from the pressure tests are 
adequate. Figure 6-6 shows the general configuration of the results from the 
pressure tests. The pressure logger fluctuates due to the slight inaccuracy of the 
instrument. 
 
Figure 6-6 - General results of pressure calibration. 
6.4 Trunk Mains 
The trunk mains system in Toowoomba conveys treated surface water from the Mt 
Kynoch WTF through 4 major mains throughout the distribution system. The 
location of these trunk mains are shown in Figure C-2 in Appendix C.  
The Eastern Trunk Main (ETM) conveys water to the eastern part of the city and 
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main also supplements water to Horners zone in periods of high demand or supply 
bore failures.  
The treated water from Mt Kynoch is initially pumped to the Mt Lofty reservoir 
through the ETM. This water then gravitates to the Ramsay Street pump station 
where it is then pumped to the Gabbinbar reservoirs. At Long Street, a branch main 
gravitates treated water from the ETM to the Long Street pump station where it is 
pumped to Picnic Point reservoir. 
The Old Trunk Main (OTM) conveys treated water by gravity from the Mt Kynoch 
reservoirs and distributes water to part of Kynoch zone on the northern and eastern 
sides of City zone. 
The Western Trunk Main (WTM) gravitates water from the Mt Kynoch reservoirs to 
the Anzac Ave. pumping station. From here the treated water is pumped to the 
Platz and Gabbinbar reservoirs. The WTM covers part of the central and western 
areas of the city and supplies water to part of Kynoch, Platz and Gabbinbar zones 
and all of Freneau Pines zone. The WTM also supplements Cit zone in times of high 
demand. 
The North Western Trunk Main (NWTM) has a similar purpose as the WTM. The 
NWTM covers part of the western and south-western areas of the city and supplies 
water to part of Kynoch zone. The NWTM also supplies water directly to the 
Glenvale/Torrington areas. 
Like the Platz zone, in April 2001 a previous study was conducted on the Trunk 
mains by the Toowoomba City Council. The current and future demands of the time, 
including the fire fighting requirements were assessed and analysed within a model 
constructed in the Pipes++ program. The model that was developed for this analysis 
has been adopted for the modelling purposes of this project. The model has been 
updated to suit the current demand and conditions that are present in the Trunk 
system so that the chlorine decay throughout the network can be modelled with 
some degree of accuracy. 
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6.4.1 Water Demand 
To calculate the water demand for each node in the Trunk Mains model, the same 
method was used as the Platz model. The model was divided into 3 essential areas, 
these being residential, non residential and losses. At each node in the model, the 
corresponding areas were assigned a flow for the particular situation that was 
needed. The demands that were used in the 2001 model were too high to be used 
within the 2008 model. To calculate the adequate demands for the present period, 
the nodal demands from the 2001 period were multiplied by a GF that was 
calculated using Table 6-5. The surface water supply for the 2001 period was equal 
to 355 L/s. For the 2008 period, the water supply was 166 L/s. To calculate the GF, 
the percent usage of treated water for 2008 was calculated with the 2001 period.  
Table 6-5 - Calculation of Global Factor 
  
2001 2008 
ML/a L/s ML/a L/s 
Surface water supply from dams 11195 355 5244 166 
Bore Water Supplied 2225 71 2103 67 
 
2008 Surface water supply
100
2001 Surface water supply
166
100
355
46.8%
GF  
 

   (Eqn. 6.1) 
The total surface water supply to the Mt Kynoch WTF that is distributed through the 
trunk mains network is only 46.8% of the total surface water supply from 2001. This 
GF of 46.8% has been used to calculate the appropriated demand for each of the 
nodes in the Pipes++ trunk main model (Appendix C, Table C-1). The assumption has 
been made because the bore usage is roughly the same now as it was in 2001, the 
GF can be calculated net of bore contribution. 
6.4.2 Establishment of Reservoir levels 
There are 2 main reservoirs which service Gabbinbar zone and the surrounding 
areas. Gabbinbar No. 1 is 4.715m high reservoir with a diameter of 48.75m. 
Gabbinbar reservoir No. 2 is 4.59m high with a diameter of 62.06m (TCC, 2005).  In 
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the Trunk mains model, the Gabbinbar reservoirs have been modelled as a single 
reservoir. This was done so that the water entering and leaving the Gabbinbar 
reservoirs could be more simplistically modelled. Doing this enabled the treated 
water that entered the Gabbinbar zone to be considered as a whole.  
To determine the new dimensions and volume of the combined reservoir that was 
used in the Trunk mains model, the following process was used. 
1. The usable volume between 50-75% of Gabbinbar No.1 (Figure 6-7) and 
No.2 (Figure 6-8) reservoirs were added together and used as the total 50-75% 
volume in the new single reservoir that was used in the model (Figure 6-9).  
2. The 2 heights of the existing reservoirs were averaged to give a new 
reservoir height of 4.668m. 
a.  25% of 4.668 = 1.167m. This value of 1.167m and the Combined 
Gabbinbar 50-75% volume of 5673.2m3 are used to work out the 
diameter of the combined reservoir. This diameter is equal to 
78.670m. 
3. If any other working levels are needed for the Combined Gabbinbar 
reservoir in the Trunk mains model, the height of 4.668m is used as the 100% 
level. To calculate the reservoir level at 49% capacity, Equation 6.2 is used. 
 
Combined Reservoir Level @ 40% 4.668*0.4 721.336
723.203m
 

  (Eqn. 6.2) 
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Figure 6-7 - Dimensions of Gabbinbar No.1 reservoir 
 
Figure 6-8 - Dimensions of Gabbinbar No. 2 reservoir 
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Figure 6-9 - Dimensions of Gabbinbar reservoir used in Pipes++ model 
 
6.4.3 Calibration 
The method of calibration for the Trunk mains model was to graph the Gabbinbar 
service reservoir and the Anzac Avenue flow rates from the Pipes++ model against 
the SCADA data from TRC. These two points in the distribution system were 
selected for the following reasons: 
 Manual chlorine dosing does take place at Gabbinbar reservoirs on some 
occasions. 
 Gabbinbar reservoir has the highest turnover rate of water within the 
distribution system. 
 Gabbinbar reservoir is the most southern part of the trunk main distribution 
system. 
 Anzac Avenue booster pump station is the most frequently used booster 
station to fill the Gabbinbar reservoir. 
The SCADA data used for calibration was taken during the time period between the 
22.05.08 to the 27.05.08. The Platz model was calibrated using this same time 
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period, therefore the modelled flow leaving the Gabbinbar reservoir to fill Platz 
reservoir was accurate. Figure 6-10 is the graphed combined Gabbinbar reservoir 
level during the time period of 22.05.08 to the 27.05.08. During this time period, 
the combined Gabbinbar reservoir levels do follow a trend of rising to 60% of total 
capacity and falling back to approximately 45% capacity. These 3 peaks that rise to 
60% capacity, were graphed against the modelled output from Pipes++ (Figure 6-11).  
After the first 20 hrs that the model was running, the SCADA data and Pipes++ 
modelled output for the combined Gabbinbar reservoir, are very similar. Both sets 
of data follow the same trend in taking the same amount of time to fill and empty 
to 45% capacity. There are small fluctuations within the system due to the variance 
in levels from the SCADA data. The SCADA levels do not reach the exact value of 45% 
or 60% of the capacity. This is due to the decisions made by the TRC ground staff 
who were operating the reservoir levels at this time. For the purpose of this project, 
the combined Gabbinbar reservoir levels are close enough to the SCADA data to 
give decent results. 
 
Figure 6-10 - Gabbinbar reservoir levels obtained from SCADA data 
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Figure 6-11 - SCADA and Pipes++ inflow and outflow of Combined Gabbinbar reservoir at 45-60% capacity 
The Anzac Avenue booster pump was also used as a point of calibration. The 
booster pump is used to fill the Gabbinbar reservoir with treated water from the Mt 
Kynoch WTF. The same time period from the 22.05.08 to the 27.05.08 was used as 
this is the time period that the Platz zone and Gabbinbar reservoirs have been 
calibrated to. The red line in Figure 6-12 is the SCADA data and the blue line is the 
model output from the Pipe++ program.  This graph demonstrates how close that 
the modelled output from the Pipes++ Trunk mains model is to the actual data 
gathered from the SCADA data. The maximum flow of the Anzac Avenue booster 
pump is at approximately 250L/s. From the Pipes++ Trunk Mains model, the booster 
pump also has a maximum flow of approximately 250L/s.  
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Figure 6-12 - Anzac Avenue booster pump SCADA data and Pipes++ modelled output. 
6.4.4 Effectiveness of model 
The trunk mains model has been hydraulically calibrated to suit the surface water 
demand that Toowoomba City has at the present time. The model has been 
constructed without the input of bores that are currently being used in the city. This 
method was used for the reason that there is no bore water within the system that 
contributes to the trunk mains system. All of the bores in Toowoomba’s water 
supply network inject chlorinated water directly into the distribution network 
within each individual pressure zone. It is impossible to accurately model these 
conditions within the trunk mains model without analysing the entire water 
distribution network of Toowoomba.  
Some of the chlorinated bore water does contribute to the filling of reservoirs 
during times of low demand. The chlorinated water mixes with the already existing 
treated water that has been stored within the service reservoirs. This results in 
inaccurate readings of chlorine levels within the reservoir with respect to the 
treated water that has been pumped from the Mt Kynoch WTF. The Trunk mains 
model in Pipes++ models the chlorine residual from the Mt Kynoch WTF. 
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6.5 Determination of Decay Coefficients 
Prior to any chlorine residual modelling taking place, the models were calibrated 
against manual testing results to calculate the most effective global bulk and wall 
decay coefficients. Using decay coefficients close to the real time situation will give 
more accurate results for the actual chlorine residual modelling process. 
To calculate a global bulk decay coefficient, a very simple test was conducted on the 
Platz reservoir. Manual chlorine residual testing was undertaken at the Platz 
reservoir during the time period of the Monday the 11.08.08 and Thursday the 
14.08.08. Testing was conducted each day to determine the rate the chlorine 
residual decayed during the time period.  
Before any testing could take place, the problem concerning the re-chlorination 
from Alderley St. bore had to be reviewed. During the calibration of the Platz 
pressure model, there was found to be some contribution to the Platz reservoir 
from the Alderley St. bore. The chlorine that is applied at the bore when in 
operation, posed as a direct problem where determining the bulk decay coefficient. 
This was because of the re-chlorination that would occur at the Platz reservoir.  
Figure 6-13 shows the Platz reservoir level during the time that the decay 
coefficient testing was carried out. During the period from the 11.08.08 – 14.08.08, 
there were 2 periods where the Alderley St. bore contributed water to the reservoir. 
They were both only minor occurrences, so the assumption was made that the 
effect on chlorine residual already existing within the reservoir was minimal. 
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Figure 6-13 - Platz reservoir level 
Platz reservoir was selected as it had a considerably long time period between 
refilling giving the widest range of chlorine residual values. Results from the testing 
are shown in Table 6-6. An assumption that was made while conducting this test 
was that within the reservoir, there was no wall decay due to the small surface area 
to volume ratio compared with that of a pipe. 
 
Table 6-6 - Platz reservoir residual testing 
Day Date Time of Test Chlorine Residual (mg/L) 
Monday  11.08.08 16:30 1.0 
Tuesday  12.08.08 10:30 0.9 
Wednesday  13.08.08 - - 
Thursday  14.08.08 08:00 0.65 
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The results from the test were graphed in Figure 6-14. An exponential trend line of 
the form in Eqn. 6.3 was fitted to the graph.  
exp( )y m kx      (Eqn. 6.3) 
Where: y=Chlorine concentration 
m=Initial concentration 
k=decay coefficient 
x=time (days) 
The Bulk decay coefficient that was determined from the experiment was equal to 
0.165 day-1. The R2 value determining how well the trend line fits the data is equal 
to 0.9983. This shows that the exponential trend line is a close fit to the actual 
measured data therefore, the bulk decay coefficient of 0.165 day-1 can be accepted.  
 
Figure 6-14 - Determination of bulk decay coefficient 
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Figure 6-15 displays the chlorine residual graph from the Platz reservoir in the 
Pipes++ model with an initial chlorine concentration of 1.0 mg/L. The bulk decay 
coefficient of 0.165 day-1 was implemented in the model. The results are shown: 
 After a period of 18 hrs (the difference in time between the Monday and 
Tuesday manual test), the residual chlorine concentration within the Platz 
reservoir was approximately 0.9 mg/L.  
 After 63.5 hrs, the residual chlorine concentration from the model was 
approximately 0.66 mg/L.  
o Comparing the 0.66 mg/L from the model to the last manual test that 
was taken at the same time period, there is only a difference of 
0.1mg/L. 
The results show that the chlorine residual levels are very similar to the manual 
tests that were carried out. The bulk decay coefficient of 0.165 day-1 gives good 
correlation between field and model results.  
 
Figure 6-15  - Validation of bulk decay coefficient using 0.165 day
-1 
 
Bulk Decay Coefficient = 0.165 day-1 
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After the bulk decay coefficient had been finalised, the wall decay coefficient was 
found. It is very hard to calculate a wall decay coefficient as the state of the pipe 
network is unknown. From the literature review in Chapter 3, there are certain 
parameters that have a considerable affect on wall decay, these being biofilm, pipe 
age, type and size.  Instead of applying different wall decay coefficients for each 
type, size and age of the pipe, a global coefficient was calculated by conducting 
manual tests at different locations within the Platz zone. Figure 6-16 shows the 
location of testing. Manual testing was not undertaken within the Platz North due 
to the variable chlorination rate that is applied at the Alderley St. bore. The Platz 
South area is not affected by Alderley St. bore, therefore the wall decay coefficient 
can be calculated accurately. 
6.6 Chlorine Residual Calibration 
As the bulk decay coefficient was already finalised, the method in calibrating the 
wall decay coefficient was to change the value within the Pipes++ Platz model until 
the model’s chlorine residual was within ±0.1 mg/L of the manual testing results. 
These manual tests were conducted over a 2 day period to have some sort of 
validation.  
Table 6-7 shows the difference between the Pipes++ model and the Manual Testing 
data. To achieve the results in Table 6-7, a wall decay coefficient of 0.15 m/day was 
used. Note that on the 12.08.08 at 55 Gipps Street, the difference between the 
modelled and field data was equal to 0.17 mg/L. The manual field test may have 
been inaccurate leading to this difference.  
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Table 6-7 - Manual testing results from Platz zone 
Location Date Time 
Chlorine Residual 
(mg/L) 
Pipes++ Model 
(mg/L) 
Difference 
(mg/L) 
Alderley St. Bore 11.08.08 16:00 0.5 *  
Platz Reservoir 11.08.08 16:30 1.0 1.0 0 
SPS 2 – Luck St. 11.08.08 16:35 0.45 0.41 0.04 
SPS 4 11.08.08 16:40 0.45 0.41 0.04 
155 Cambooya 
St. 
11.08.08 16:50 0.35 0.4 0.05 
Earnest Peak 
Park 
11.08.08 17:10 <0.1 0.48 - 
Drayton Bowls 
Club 
11.08.08 17:15 0.35 0.32 0.03 
55 Gipps St. 11.08.08 17:30 0.5 0.53 0.03 
 
Alderley St. Bore 12.08.08 10:10 2.1 - - 
Platz Reservoir 12.08.08 10:30 0.9 0.9 0 
55 Gipps St. 12.08.08 10:40 0.7 0.53 0.17 
SPS 4 12.08.08 10:45 0.6 0.52 0.08 
155 Cambooya 
St. 
12.08.08 10:55 0.5 0.40 0.1 
Colvin St 12.08.08 11:10 0.3 0.25 0.05 
SPS 2 – Luck St. 12.08.08 11:20 0.6 0.52 0.08 
 
Platz Reservoir 14.08.08 08:00 0.65 - - 
*Note: Alderley Street Bore has been modelled with a constant chlorine input of 1.72mg/L 
 
The Pipes++ model was able to predict the chlorine residual levels at each of the 
manual testing locations to within ±0.1 mg/L. This shows that the model is accurate 
with the bulk decay coefficient of 0.165 day-1 and wall decay coefficient of 0.15 
m/day.  
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Figure 6-16 - Pipes++ Platz Model calibration testing points 
6.7 Chapter Summary 
Chapter 6 has described how both the Platz and Trunk mains models were 
constructed using the average day demands of both systems. They have both been 
hydraulically calibrated using reservoir levels and booster pump operation data 
(obtained from TRC SCADA system) and modelled output from the Pipes++ program. 
The bulk and wall decay coefficients of 0.165 day-1 and 0.15 m/day were 
determined from field testing enabling residual chlorine calibration to be achieved 
for the Platz model to an accuracy of 0.1 mg/L. The Trunk mains model was unable 
to be calibrated for residual chlorine.  
SPS 4 
155 Cambooya St. 
Colvin St 
55 Gipps St. 
Earnest Peak Park & 
Drayton Bowls Club 
SPS 2 – Luck St 
Alderley St. Bore 
Platz Reservoir 
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7.1 Introduction 
This chapter analyses the Platz and Trunk mains models using the Pipes++ program. 
Various worst case scenarios have been modelled with the results from each 
analysed.  
7.2 Network Conditions 
The conditions adopted for the initial network analysis of the Platz zone and Trunk 
main models include: 
Platz Model 
Chlorine injection at Alderley Street bore (1.76 mg/L),  
 Adopt Average Day Demand Scenario. 
 Run a 5 day model simulation for initial model runs.  
o Platz reservoir fills at approximately 67 hr intervals 
 Use decay coefficients: 
o Chlorine bulk decay = 0.15 day-1, wall decay = 0.15 m/day 
 Initial conditions; 
o Cl- conc. = 0.3 mg/L at all nodes 
o  Cl- conc. =1.76 mg/L at Alderley Street bore. 
o Cl- conc. =0.4 mg/L at Platz Reservoir (Minimum required conc.). 
 Design constraints; 
o  Cl- residual within TRC criteria (0.1 mg/L ≤ Cl- ≤ 2.0 mg/L) at 
consumer taps. 
Trunk Mains Surface Water Model 
 Adopt Average Day Demand Scenario. 
 Run a 4 day model simulation for initial model runs.  
 Use decay coefficients: 
o Chlorine bulk decay = 0.15 day-1, wall decay = 0.15 m/day 
 Initial conditions; 
o Cl- conc. = 0.7 mg/L at all nodes 
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o Cl- conc. = 1.85 mg/L at Mt Kynoch Service Reservoir (Constant) 
 Design constraints; 
o  Cl- residual within TRC criteria (0.4 mg/L ≤ Cl- ≤ 2.5 mg/L) at 
reservoirs 
7.3 Platz Modelling Results 
The scenarios that have been modelled within the Platz zone accommodate bulk 
and wall decay coefficients for the winter period of 2008.  
Within the Platz zone, there are various situations that may occur within the 
distribution system. Modelling the Platz zone using the Pipes++ program has been 
used under the 4 following conditions: 
1. Platz reservoir was filled with treated water that contained a chlorine 
residual of 0.4 mg/L, Alderley Street bore was contributing water with a 
chlorine residual of 1.76 mg/L. Platz was then refilled with treated water 
that had a chlorine residual of 0.9 mg/L. 
2. Platz reservoir was filled with treated water that contained a chlorine 
residual of 0.4 mg/L and was then refilled with water that had a chlorine 
residual of 0.8 mg/L. The Alderley Street bore was inactive. 
3. Platz reservoir was filled with treated water that contained a chlorine 
residual of 0.4 mg/L and was then refilled with water that had a chlorine 
residual of 0.8 mg/L. Alderley Street bore was contributing non-chlorinated 
water to the system.  
4. Platz reservoir was filled with treated water that contained a chlorine 
residual of 2.5mg/L (the maximum chlorine residual allowable) Alderley 
Street bore was contributing water with a chlorine residual of 1.76 mg/L.
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7.3.1 Condition 1 
 
Figure 7-1 –Platz refill was 0.4 mg/L – Alderley Normal 
  ≤ 0.1 mg/L 
  > 0.1 mg/L 
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In condition 1, the Platz reservoir was filled with treated water that contained a 
chlorine residual of 0.4 mg/L. This value was chosen for the reason that when TRC 
ground staff manual test the chlorine residual as service reservoirs, the minimum 
chlorine residual that can be present is 0.4 mg/L. If the manual test takes place just 
after the reservoir has been filled, then the 0.4 mg/L chlorine concentration will 
decrease until the service reservoir is filled in approximately 67 hours.  
From Chapter 4’s analysis of existing water quality data, the minimum time 
between manual chlorine residual testing at Platz reservoir is 12 days. The 
consumer tap testing points for the Platz zone are also tested on the same day that 
the Platz reservoir data is recorded. The low residual chlorine level at Platz reservoir 
will go undetected and will not show in the consumer tap testing points until after 
the low chlorine residual water from the Platz reservoir has been distributed. 
Figure 7-1 shows the effect that an initial chlorine residual of 0.4 mg/L at the Platz 
reservoir has on the network. The Alderley St. bore is working as per usual and 
provides adequately chlorinated water to the Platz North zone. The area that is 
most affected is the Platz South area, where approximately ¾ of the pipe network is 
inadequately chlorinated at 81 hrs after the start of the simulation. 
Figure 7-2 shows that the Platz reservoir was refilled at 67 hours from the start of 
the simulation. The treated water that filled the Platz reservoir at the 67 hour time 
interval contained a chlorine residual of 0.9 mg/L. With the worst of the residual 
problem occurring at 81 hrs, there is a time difference of 14 hours between the 
Platz reservoir being refilled and it distributing newly chlorinated water to the 
problem areas.   
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Figure 7-2 - Water level within Platz reservoir 
 
In most distribution networks, the areas that are most likely to be inadequately 
chlorinated are those points that have the longest distance from the reservoir and 
have a small demand. Figure 7-3 shows a graph of the most southern point in the 
Platz zone. The simulation period for this graph was taken out to over 10 days to 
show that even when the Platz reservoir is chlorinated at 0.9 mg/L, the chlorine 
residual at the most southern point in the network is never chlorinated with the 
required minimum of 0.1 mg/L. From Chapter 4, it was found that Platz reservoir 
has an average chlorine residual of 0.89 mg/L. Chlorine residual levels < 0.9 mg/L 
are quite common within Platz reservoir leading to the belief that the most 
southern part of the Platz zone is constantly under the minimum required chlorine 
residual. It may not reach a level of no chlorine residual, but there is a definite 
problem. 
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Figure 7-3 - Southern point of network 
 
To rectify the problem, a chlorine booster station was modelled within the Pipes++ 
Platz model. It was placed at the corner of Anzac Avenue and Harrow St as a yellow 
circle in Figure 7-4. The chlorine booster station injected a chlorine residual of 0.6 
mg/L only when the chlorine residual level dropped below 0.6 mg/L. Figure 7-4 
shows that with the booster station, the entire southern area is adequately 
chlorinated. 
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Figure 7-4 - Platz zone with chlorine booster station.
  ≤ 0.1 mg/L 
0.1 – 0.6 mg/L 
0.6  - 2.0 mg/L 
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Figure 7-5 is a graph of the chlorine residual at the most southern part of the Platz 
distribution network while the chlorine booster station is in use. The chlorine 
residual level does fall below 0.1 mg/L some of the time, but never reaches a point 
where the customer is at risk.  
 
Figure 7-5 - Most southern part of Platz network with booster chlorine facility in use. 
 
The reason that the outskirts of the southern area of the Platz zone are subject to 
low residual chlorine levels, is due to the fact that the demand in these areas are 
very low. The water turnover is considerably lower compared to areas where the 
population to area ratio is high.  The southern part of the Platz zone is the area 
where there is the most opportunity for growth. The chlorine booster station 
situated at the corner of Anzac Avenue and Harrow St would be beneficial for not 
only the present time, but also for the future expansion within the Platz zone. 
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7.3.2 Condition 2 
 
Figure 7-6 – Platz zone chlorine residual while Alderley St. bore is inactive.
  ≤ 0.1 mg/L 
  > 0.1 mg/L 
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The second condition that could eventuate within the Platz zone is when the 
Alderley Street bore has been turned off for maintenance due to malfunction or 
breakdown. This happens from time to time resulting in all of the Platz zone’s water 
being sourced from the Platz reservoir. With there being such a demand on the 
Platz reservoir, the time interval between refilling of the reservoir is reduced to 31 
hours (Figure 7-7).  
 
Figure 7-7 - Water level within Platz reservoir while Alderley St. bore is not running. 
 
The same model parameters have been used in condition 2 as were used in 
condition 1. These conditions were that the original chlorine residual within the 
Platz reservoir was at 0.4 mg/L and it was refilled with treated water that had a 
chlorine residual of 0.9 mg/L.  
Figure 7-6 shows where there were low chlorine residual levels within the Platz 
network under condition 2. Unlike the large area of inadequate disinfection in 
condition 1, when the Alderley St. bore is inactive, there are only limited areas of 
low chlorine residual. These areas are shown in Figure 7-6 and are in the most 
southern part of the Platz zone and in the most northern part of Platz zone. Like 
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condition 1, the southern part of Platz zone has low residual chlorine due to the low 
demand in the area resulting in low water turnover. The area of inadequate 
disinfection in the northern part of Platz zone is in a park that also has a low water 
turnover. This area was not shown in the first condition due to the fact that the 
Alderley Street bore is usually dosed at a rather high chlorine rate, allowing the 
water within the park to be adequately chlorinated.  
In condition 1 when Platz reservoir had the same chlorine residual as in condition 2, 
there was a large area of inadequate chlorine residual in the Platz south area (refer 
to Figure 7-1). The same area that had a low chlorine residual in condition 1 was 
found to have a suitable chlorine residual in condition 2. Reasons for this are shown 
in Figure 7-8. Due to the increased demand on the Platz reservoir, the filling rate is 
at every 31 hours. It is highly unlikely that the water that refills the Platz reservoir 
would have a chlorine residual level at the minimum of 0.4 mg/L.  The water would 
have increased chlorine residual that is then distributed throughout the Platz zone.  
 
Figure 7-8 - Platz Reservoir residual chlorine 
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7.3.3 Condition 3 
 
Figure 7-9 – Platz zone residual chlorine levels with Alderley St bore contributing water without chlorine. 
  ≤ 0.1 mg/L 
  > 0.1 mg/L 
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The third condition that was modelled in the Pipes++ Platz model, was when the 
Alderley St. bore was contributing water to the Platz zone, but the chlorine facility 
within the bore station was malfunctioning. This resulted in no disinfection at the 
Alderley St bore water at all. The Platz reservoir was functioning normally with the 
same original chlorine residuals being used as in the previous conditions. 
Figure 7-9 displays the results obtained from the Pipes++ program. As was the case 
with condition 1, there is a large area of inadequate disinfection within the 
southern part of the Platz zone. This problem was rectified in condition 1 with the 
input of a chlorine booster station on the corner of Anzac Avenue and Harrow 
Street.  
In the northern part of the Platz zone, there are several areas that would have a 
chlorine residual less than the required value of 0.1 mg/L. This low chlorine residual 
occurred 80.5 hours after the start of the simulation. The equipment used to 
chlorinate the bore water within Toowoomba’s distribution network is very reliable 
and there has not been a malfunction to date. Regular checks are carried out on the 
chlorination equipment, leaving a minimal chance of condition 3 occurring.  
7.3.4 Condition 4 
In condition 4, the Platz reservoir was filled with treated water that contained a 
chlorine residual of 2.5mg/L which is the maximum chlorine residual allowable at a 
reservoir. The Alderley Street bore was contributing water with a chlorine residual 
of 2.0 mg/L which is also the maximum chlorination allowable at bores. 
This condition was used to show if there were any areas within the Platz zone that 
demonstrated high levels of chlorine residual above the specifications stated in 
Chapter 2. The parameters were allocated in the Pipes++ model and simulated. The 
model showed no areas of high chlorination outside the specifications that have 
been set by the TRC. All areas were adequately chlorinated. 
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7.4 Trunk Main Modelling Results 
Having the Trunk mains and the Platz models as independent models, enables 
different parameters to be used depending on the infrastructure that is in place 
within the network. A study conducted by Al Jasser, (2007), found that with an 
increased pipe diameter, the wall decay coefficient became less. Within the Trunk 
mains model, the pipe diameter ranges from 300mm to 960mm (TRC, 2001). 
Comparing these diameters with those used in the Platz zone, the majority of the 
pipe work within the Platz zone are 100mm and 200mm in diameter (TRC, 2000). 
There are only a small portion of pipes that have a larger diameter of 375mm. 
Taking this into consideration, the wall decay coefficient that was used in the Platz 
model of 0.15 m/day could be decreased to allow for the larger pipe diameters that 
are present in the Trunk main system.  
According to Watercom (2001), wall decay rates between 0.3 – 1.5 m/day were 
mentioned as starting points for wall decay coefficients. The wall decay coefficient 
used in the Platz model was only 0.15 m/day which is lower than the 0.3 m/day 
advised by Watercom (2001). The Platz model water quality was calibrated in 
Chapter 6 using the 0.15 m/day as a wall decay coefficient and was found to be 
suitable for the conditions. With this in mind, and no suitable manual testing data to 
determine the wall decay coefficients within the Trunk mains system, 0.15 m/day 
was used in the Trunk mains model. 
Figure 7-10 displays the chlorine residual level within the Trunk mains model. 
According to the results from the analysis, the chlorine residual within the system 
does not drop to the minimum residual of 0.4 mg/L at any of the reservoirs. This is 
shown by the green coloured lines within Figure 7-10. 
To try and validate the results from the trunk mains model, manual chlorine 
residual testing data from various reservoirs was going to be used to compare 
chlorine residual levels. Before this could be carried out, reservoirs that were not 
affected by bore contribution had to be selected. Appendix E shows a schematic of 
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the bores around the Toowoomba distribution system and where they contribute 
water.  
After analysing this schematic and talking to TRC technical staff, it was found that 
every reservoir within the Toowoomba distribution system was affected by 
chlorinated water from bores within the distribution system. These findings were 
detrimental to the application of the Trunk mains model due to the fact that the 
results were unable to be verified with manual testing data.    
Due to the difficulty in modelling the contribution of bores to the Trunk mains 
system in Toowoomba without analysing the entire distribution system as a whole, 
the Trunk mains model that has been developed in Pipes++ gives an indication of 
the chlorine residual decay within the treated surface water. From this analysis of 
the treated surface water, during the cooler winter months where bulk and wall 
decay are low, there are no issues within the Trunk mains concerning low chlorine 
residual levels. 
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Figure 7-10 – Trunk Mains model chlorine residual level
  > 0.4 mg/L 
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7.5 Chapter Summary 
Chapter 7 has analysed both the calibrated Platz and Trunk main models using the 
Pipes++ program. Within the Platz zone, there were found to be some areas of 
inadequate residual chlorine levels. Findings of significance for the Platz area are as 
follows: 
1. When Platz reservoir is filled with treated water containing a chlorine 
residual of 0.4mg/L (the minimum requirement), at 81 hrs approximately 75% 
of the Platz South zone is inadequately chlorinated. 
2. The most Southern area of the Platz South zone is constantly under the 
required chlorine residual level of 0.1 mg/L. 
3. No areas within the Platz zone have chlorine residual levels that are higher 
that the specified levels in Chapter 2. 
For the most southern area of the Platz zone that is always under the required 
chlorine residual levels, a recommendation of building a chlorine booster station at 
the intersection of Anzac Avenue and Harrow Street would rectify the problem. The 
booster station would operate when chlorine residual levels at the station dropped 
below 0.6 mg/L. This provision then adequately chlorinates the area subject to low 
chlorine levels. 
After modelling the Trunk mains system, no areas of inadequate chlorination were 
found during the cooler winter period of 2008. The results from the Trunk mains 
analysis could not be verified due to the model only incorporating treated surface 
water from the Mt Kynoch water treatment facility. The manual testing data for all 
reservoirs within the Toowoomba distribution system incorporate both the treated 
surface and groundwater that contribute to chlorine residual within reservoirs. It is 
impossible to model the trunk mains system accurately without analysing the entire 
network. 
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8.1 Conclusions  
This project has developed a model that can simulate chlorine residual decay within 
the Platz pressure zone and Trunk main system. An investigation on the effect that 
water restrictions have had on the residual chlorine levels throughout 
Toowoomba’s water distribution system has also been conducted.  
Manual chlorine residual testing data was obtained from TRC during periods when 
water restrictions were unheard of in the 2000-2001 period, and compared with 
data that was collected from the 2007-2008 present period where water 
restrictions are part of everyday life. All bore, reservoir and consumer tap testing 
points were analysed to find any areas that showed out of the ordinary results.  
From the analysis, average chlorine residual levels at bores have increased in the 
range from 70 – 142% in some cases. Reservoirs have increased from 28 – 152% 
with consumer taps also increasing in residual levels of 31 – 171%. The consumer 
tap testing points of K2 Queens Park, L1 SPS 27, P2 Earnest Peak Park and FP1 
George Orford Park all showed a decrease in chlorine residual levels of up to 77%. 
These 4 testing locations were all found to be in areas of low water turnover. The 
results obtained from these points during the present period are not a true 
indication of the chlorine residual levels within the system. 
During the present conditions within Toowoomba, it was found that 77% of the 
consumer tap testing points have been directly affected by on site chlorination at 
bores. The increased usage of bores with on site chlorine dosing systems, have 
increased chlorine residual levels at consumer taps.  
This study has also incorporated an analysis of the Platz pressure and Trunk mains 
system within Toowoomba’s water distribution system. Areas of inadequate 
chlorination were identified by developing a hydraulic model capable of analysing 
different residual chlorine scenarios using the Pipes++ program.  
In order to achieve accurate results, both hydraulic models required calibration and 
validation of model parameters. In the Platz model initial calibration using reservoir 
levels was undertaken where the field and model levels were compared. Pressure 
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tests were also conducted within the model as a second method of calibration. It 
appeared that the model was accurate in simulating field reservoir levels and 
pressure during low demand periods where friction losses were almost negligible 
and network pressure approximately static therefore, the model was believed to be 
hydraulically accurate to model the current demand situation. 
The trunk mains model was calibrated using the initial method of comparing field 
and model data collected for reservoir levels and booster pump operations. The 
model showed good comparison of field and model scenarios at reservoirs and 
booster stations. 
Chlorine residual calibration was achieved for the Platz model by comparing manual 
field tests against the model output. There was good correlation between both sets 
of data enabling the model to be used for design purposes. Chlorine residual 
calibration of the Trunk mains model was unable to be achieved. Due to the bore 
contribution of treated water within the distribution system, and Pipes++ inability 
to model such scenarios without modelling the entire distribution system, the Trunk 
mains model was therefore used to model chlorine residual levels of surface water 
treated at the Mt Kynoch WTF.  
 After analysing the chlorine residual levels within the Platz pressure zone under 
worse case situations, the most southern end of the reticulation system showed 
chlorine residual levels that were under the required level of 0.1 mg/L. When the 
minimum required residual level of 0.4 mg/L was used within the Platz reservoir, a 
large area of the Platz south zone was inadequately disinfected. The problem areas 
were then rectified when higher chlorine residual was evident within the Platz 
reservoir. The Platz north zone showed no areas of inadequate disinfection while 
the Alderley Street bore was functioning properly.  
The trunk mains model showed no areas of inadequate disinfection after Pipes++ 
had analysed the system. The chlorine residual levels were within the required 
limits. 
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8.2 Recommendation 
The analysis of the existing water quality data has found that the 4 consumer tap 
testing locations of K2 Queens Park, L1 SPS 27, P2 Earnest Peak Park and FP1 
George Orford Park are all testing chlorine residual in water that has a low turnover. 
To remedy the problem of testing stagnant water, the testing locations could be 
changed to areas where there is a greater water demand. This would result in the 
testing of treated water that contained a true indication of chlorine residual.    
The 3 testing locations of K2 Queens Park, L1 SPS 27 and P2 Earnest Peak Park 
would have to be changed due to the fact that their chlorine residual levels are still 
above the required minimum and there are other consumer tap testing locations 
within the zone. For the testing location at FP1 George Orford Park, the situation 
differs slightly. The residual levels border on being insufficient and it is the lone 
consumer tap testing point for the Freneau Pines pressure zone. This testing point 
must be relocated for the safety of the residents within the Freneau Pines zone. 
Within the Platz zone, the most southern area of the network was found to be 
insufficiently chlorinated during these times of low demand. To eradicate this 
problem, a booster chlorination facility could be constructed on the corner of Anzac 
Avenue and Harrow St. The booster station would only operate when the chlorine 
residual dropped below 0.6 mg/L at the booster station. Providing this booster 
station would not only rectify the low residual problem in the southern parts of 
Platz zone, but would also be useful for when Platz zone’s residential area expands 
further to the south. The chlorination booster facility would provide adequately 
chlorinated water to not only today’s residents but also for those in the future. 
8.3 Further Work 
This study has only achieved accurate results for the Platz zone during the cooler 
winter period. Bulk and wall decay within a distribution system change considerably 
with the effect of temperature, therefore manual testing during the summer period 
when the temperature is higher will be beneficial. This manual testing will provide 
data enabling the bulk and wall decay coefficients to be more accurately modelled 
within the Pipes++ Platz model. 
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Due to the restrictions that the Pipes++ program has with bore modelling and the 
fact that there are more powerful modelling software on the market today, the 
Toowoomba distribution system should be modelled as a whole. This will allow the 
entire network to be modelled at once enabling the TRC to see the effect of the 
bore contribution and chlorine residual levels throughout the entire network.   
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A_1 - Project Specification 
University of Southern Queensland 
FACULTY OF ENGINEERING AND SURVEYING 
ENG 4111/4112 Research Project 
PROJECT SPECIFICATION 
FOR:   Thomas Clifford HUSTON 
TOPIC: INVESTIGATION ON ADEQUACY OF DISINFECTION IN 
TOOWOOMBA’S WATER SUPPLY NETWORK  
SUPERVISORS: Dr Vasantha Aravinthan, USQ 
 James Camauli, Toowoomba Regional Council 
SPONSORSHIP: Toowoomba Regional Council 
PROJECT AIM: To investigate the adequacy of chlorine in the Toowoomba 
pipe network using an appropriate model. 
PROGRAMME:  Issue B, 27th October 2008 
1. Conduct a detailed literature review into chlorine decay in a 
reticulation system and identify the parameters that affect it. 
2. Carry out an analysis of the existing residual chlorine data on the 
Toowoomba water supply system. 
3. Develop a model that can simulate the chlorine decay in the 
existing trunk main system. 
4. Calibrate and validate the model 
5. Analyse an individual zone of the reticulation system. 
6. Identify areas of inadequate disinfectants. 
7. Recommend solutions for the areas of inadequate disinfection. 
8. Submit an academic dissertation on the research. 
As time permits: 
9. Investigate the possibility of extending the model for other 
chemicals such as fluoride. 
 
AGREED                                       (student)                                             (supervisor) 
  Date:      /     / 2008   Date:     /     / 2008 
 
Examiner/Co-examiner:                                                         .  
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B_1 - Measured Chlorine Residual Bore Graphs 
 
Figure B-1 - Nell E Robinson bore measured free chlorine with low water restrictions 
 
Figure B-2 - Nell E Robinson bore measured free chlorine with severe water restrictions 
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Figure B-3 - Queens Park bore measured free chlorine with low water restrictions 
 
Figure B-4 - Queens Park bore measured free chlorine with severe water restrictions 
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Figure B-5 - Stephen St. bore measured free chlorine with low water restrictions 
 
Figure B-6 - Stephen St. bore measured free chlorine with severe water restrictions 
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Figure B-7 - Alderley St. bore measured free chlorine with low water restrictions 
 
Figure B-8 - Alderley St. bore measured free chlorine with severe water restrictions 
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Figure B-9 - Eastern Valley bore measured free chlorine with low water restrictions 
 
Figure B-10 - Eastern Valley bore measured free chlorine with severe water restrictions 
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Figure B-11 - McCrum Lane bore measured free chlorine with low water restrictions 
 
Figure B-12 - McCrum Lane bore measured free chlorine with severe water restrictions 
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Figure B-13 - Milne Bay bore measured free chlorine with low water restrictions 
 
Figure B-14 - Milne Bay bore measured free chlorine with severe water restrictions 
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
Fr
e
e
 C
h
lo
ri
n
e
 (
m
g/
L)
Date of Test
Milne Bay Bore - Free Chlorine (2000 - 2001)
Manual Test Result
Average = 0.80 mg/L
0
0.5
1
1.5
2
2.5
Fr
e
e
 C
h
lo
ri
n
e
 (
m
g/
L)
Date of Test
Milne Bay Bore - Free Chlorine (2007 - 2008)
Manual Test Result
Average = 1.70 mg/L
Appendix B 
 
-137- 
B_2 - Measured Chlorine Residual Reservoir Graphs 
 
Figure B-15 - Freneau Pines reservoir measured free chlorine with low water restrictions 
 
Figure B-16 - Freneau Pines reservoir measured free chlorine with severe water restrictions 
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Figure B-17 - Gabbinbar Elevated reservoir measured free chlorine with low water restrictions 
 
Figure B-18 - Gabbinbar Elevated reservoir measured free chlorine with severe water restrictions 
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Figure B-19 - Gabbinbar No.1 reservoir measured free chlorine with low water restrictions 
 
Figure B-20 - Gabbinbar No. 1 reservoir measured free chlorine with severe water restrictions 
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Figure B-21 - Gabbinbar No. 2 reservoir measured free chlorine with low water restrictions 
 
Figure B-22 - Gabbinbar No. 2 reservoir measured free chlorine with severe water restrictions 
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Figure B-23 - Horners reservoir measured free chlorine with low water restrictions 
 
Figure B-24 - Horners reservoir measured free chlorine with severe water restrictions 
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Figure B-25 - Lofty reservoir measured free chlorine with low water restrictions 
 
Figure B-26 - Lofty reservoir measured free chlorine with severe water restrictions 
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Figure B-27 - Picnic Point reservoir measured free chlorine with low water restrictions 
 
Figure B-28 - Picnic Point reservoir measured free chlorine with severe water restrictions 
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Figure B-29 - Platz reservoir measured free chlorine with low water restrictions 
 
Figure B-30 - Platz reservoir measured free chlorine with severe water restrictions 
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Figure B-31 - Rowena reservoir measured free chlorine with low water restrictions 
 
Figure B-32 - Rowena reservoir measured free chlorine with severe water restrictions 
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Figure B-33 - Stuart St. reservoir measured free chlorine with low water restrictions 
 
Figure B-34 - Stuart St. reservoir measured free chlorine with severe water restrictions 
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Figure C-1 - Platz zone and Alderley St. bore in Toowoomba's pressure zones. 
Alderley Street Bore 
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Figure C-2 - Trunk main alignment 
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Table C-1 - Calculation of demand for Trunk Mains model 
 
2001 2008 
Node / 
Zone ID 
Residential  
(L/s) 
Non 
Residential  
(L/s) 
Losses  
(L/s) 
Total  
(L/s) 
Residential  
(L/s) 
Non 
Residential  
(L/s) 
Losses  
(L/s) 
Total  
(L/s) 
ET004 32.27 3.66 8.77 44.70 15.12 1.71 4.11 20.94 
ET018 8.91 3.48 3.01 15.40 4.17 1.63 1.41 7.21 
ET007 0.00 0.00 0.00 3.49 0.00 0.00 0.00 1.64 
ET008 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ET010 26.19 0.94 6.59 33.71 12.27 0.44 3.08 15.79 
ET011 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ET012 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ET013 2.96 0.00 0.72 3.68 1.39 0.00 0.34 1.72 
ET014 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ET015 5.20 0.55 1.40 7.15 2.44 0.26 0.65 3.35 
ET016 1.88 0.44 0.56 2.89 0.88 0.21 0.26 1.35 
ET019 0.00 0.00 0.00 2.84 0.00 0.00 0.00 1.33 
ET017 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
WT001 0.15 0.86 0.25 1.26 0.07 0.40 0.12 0.59 
WT002 0.16 0.13 0.07 0.36 0.07 0.06 0.03 0.17 
WT003 0.16 1.32 0.36 1.84 0.07 0.62 0.17 0.86 
WT004 6.12 0.53 1.61 8.26 2.87 0.25 0.76 3.87 
WT005 6.78 3.26 2.44 12.48 3.18 1.53 1.14 5.84 
WT006 7.60 4.01 2.82 14.43 3.56 1.88 1.32 6.76 
WT007 6.14 0.55 1.62 8.30 2.87 0.26 0.76 3.89 
WT008 8.28 1.24 2.31 11.83 3.88 0.58 1.08 5.54 
WT010 0.00 0.00 0.00 8.00 0.00 0.00 0.00 3.75 
WT011 5.00 2.03 1.71 8.74 2.34 0.95 0.80 4.09 
WT013 3.63 2.82 1.57 8.01 1.70 1.32 0.73 3.75 
WT016 6.13 2.12 2.00 10.24 2.87 0.99 0.94 4.80 
WT017 5.53 0.11 1.37 7.01 2.59 0.05 0.64 3.28 
WT019 1.93 0.00 0.47 2.40 0.90 0.00 0.22 1.12 
WT020 0.50 2.25 0.67 3.42 0.24 1.05 0.31 1.60 
WT021 5.64 0.24 1.43 7.30 2.64 0.11 0.67 3.42 
WT022 0.85 0.05 0.22 1.12 0.40 0.02 0.10 0.52 
WT023 3.68 1.58 1.28 6.54 1.72 0.74 0.60 3.06 
WT024 2.34 0.33 0.65 3.32 1.10 0.16 0.30 1.56 
WT025 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
WT026 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
WT027 2.15 0.49 0.64 3.28 1.01 0.23 0.30 1.53 
WT028 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
WT029 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
WT030 4.24 2.55 1.65 8.44 1.99 1.19 0.77 3.95 
OT002 0.04 0.22 0.06 0.32 0.02 0.10 0.03 0.15 
OT003 2.09 0.00 0.51 2.59 0.98 0.00 0.24 1.21 
OT005 9.44 14.45 5.80 29.69 4.42 6.77 2.72 13.91 
NW002 0.00 7.22 1.75 8.97 0.00 3.38 0.82 4.20 
NW004 0.00 2.77 0.67 3.45 0.00 1.30 0.32 1.61 
NW005 3.73 1.07 1.17 5.97 1.75 0.50 0.55 2.80 
NW006 4.00 0.04 0.98 5.02 1.87 0.02 0.46 2.35 
NW007 8.92 4.81 3.33 17.06 4.18 2.25 1.56 7.99 
NW008 6.56 1.31 1.91 9.78 3.07 0.61 0.89 4.58 
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NW009 3.93 0.50 1.08 5.51 1.84 0.23 0.50 2.58 
NW010 0.15 0.39 0.13 0.68 0.07 0.18 0.06 0.32 
NW012 0.35 1.42 0.43 2.21 0.16 0.67 0.20 1.03 
WT018 0.00 0.00 0.00 14.08 0.00 0.00 0.00 6.60 
Total Flow 
(L/s)   355.75   166.64 
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Table D-1 - Reservoir Controls 
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